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Abstract 
This doctoral thesis presents statistical methods for the analysis of existing and new 
designs of quantitative trait loci (QTL) mapping experiments that are applicable in 
fish. These designs include both crosses between inbred lines and the use of existing 
outbred populations. 
A review of the literature evidenced the lack of information regarding the exploita-
tion of the biology and the possibility of using gynogenesis or androgenesis to map 
QTL in fish. Simulation results show the great advantages in terms of power of using 
double haploids from crosses between clonal lines to map QTL. 
Under the inbred line cross design, posterior evidence for the presence of QTL in-
fluencing components of early development in rainbow trout was assessed with Bayesian 
inference in a double haploid population obtained from a cross between clonal lines. 
These lines show significant differences in early development traits. The Bayesian 
model was developed in order to accomodate environmental factors influencing the 
phenotypic expression of the quantitative traits. Simulation was used to assess the 
behaviour of the method. The Bayesian analysis revealed QTL for time at hatching, 
embryonic length and weight. The posterior expectation of the number of QTL in dif-
ferent linkage groups shows that at least four QTL are needed to explain the observed 
differences of early development between the clonal lines. The Bayesian method im-
plemented proved to be an efficient tool for QTL analysis using the double haploid 
design. 
I developed a novel method to compute the power to detect QTL using the double 
haploid (DH), full sib (FS) and hierarchical (HI) designs implemented in outbred fish 
populations for interval mapping using deterministic methods. The power was consis-
tently greater for the DH design compared to the standard FS and HI designs. Overall, 
the results suggested that the DH design could be a very useful tool for QTL mapping 
in fish, and of particular importance when the effects of the QTL are small. 
It is likely that QTL experiments in fish using chromosomal manipulations will 
be carried out using existing outbred populations, however current methods could not 
combine information from related double haploids and full sibs in the same analysis. 
I developed the variance component method of linkage to enable QTL to be mapped 
in these outbred structures. Including double haploids in the outbred mapping popula-
tion, in a range of scenarios likely to be found in practice, gave greater power to detect 
QTL compared to standard outbred structures (i.e. full sib families). A relatively large 
increase in the precision of estimated genetic parameters was obtained when combin-
ing information from double haploids and full sibs obtained from the same family unit. 
There is a lack of research regarding the incorporation of dominance in the model 
of analysis to map QTL using the variance component method. Many experiments 
from crosses between inbred lines have found a varying degree of dominance for many 
traits of economic importance whereas the usual model assumes additive effects for the 
QTL. It is not clear to what extent incorporating dominance effects may increase the 
chance of detecting a dominant QTL. I extended the variance component method to 
include the estimation of the dominance variance at the postulated QTL and found that 
neglecting dominance produced biased estimates of the additive genetic variance, but 
power was very similar compared to the strategy in which the full covariance structure 
(with additive and dominance components) was used to map the QTL. Using only the 
covariance structure of additive effects appeared to be an efficient way to search for 
QTL, irrespective of the degree of dominance. 
I also investigated the extension of the variance component method to the analysis 
of multiple, correlated traits simultaneously to map QTL and to distinguish between 
linkage and pleiotropy. Even relaxing some of the stringent assumptions proposed in 
the literature, the method did not perform well in terms of detecting the correct under-
lying genetic model. This was due to the fact that, to be computationally feasible, a 
number of assumptions regarding the base population being in linkage equilibrium are 
needed. 
Overall, the research carried out highlights the possibilities of integrating molec-
ular markers with phenotypic information in order to investigate genes affecting the 
expression of quantitative traits in fish populations. The incorporation into the map-
ping population of genetically manipulated fish to produce double haploid individuals 
can substantially improve the ability to detect these genes and accurately estimate their 
effects. 
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In recent years genetic marker technology together with new statistical methodology 
has aided the dissection of complex traits into loci that explain the observed variation, 
the so called quantitative trait loci (QTL) (Geldermann, 1975; Paterson et al., 1991; 
Cheverud et al., 1996; Andersson, 2001). A framework for the study of the inheritance 
of traits of economic importance, or to address questions related to genetic differences 
between populations or lines, can be developed using co-segregation of markers with 
phenotypes to estimate the number and location of influential QTL underlying the ge-
netic architecture of quantitative traits. The great biological flexibility, the possibility 
of using chromosomal manipulations and the large fecundity rates observed in many 
fish species enable us to exploit new designs for QTL mapping (Kocher et al., 1998; 
Thorgaard, 2002; Young et al., 1998; Tanck et al., 2001). As yet the information on 
how these chromosomal manipulations can be incorporated into breeding programs is 
scarce and there is a need to quantify potential benefits or disadvantages of their use 
1 
Chapter 1. General Introduction 	 2 
for the study of complex traits in fish populations. The existing literature regarding the 
use of molecular markers to detect QTL is scarce, in fact there is no theory that en-
compasses these new designs in fish populations, especially in outbred populations. To 
date, QTL mapping experiments in fish have been carried out without fully exploiting 
the relatively large full sib family sizes, the use of chromosomal manipulations and the 
information from flanking markers in fish populations (Jackson et al., 1998; Danzmann 
et al., 1999; Perry et al., 2001). 
Figure 1.1 presents an outline of the chromosomal set manipulations that can be 
realized in many fish species (Felip et al., 2001; Thorgaard, 2002). Fertilization of 
eggs with non-irradiated sperm can be used to obtain either triploid individuals after 
applying an early treatment that disrupts the second meiotic division (and the egg re-
thins the second polar body) or for obtaining tetraploid individuals by blocking the 
first mitotic division. Fertilization of eggs with irradiated sperm can be used to obtain 
meiotic gynogenetic individuals that are partially heterozygous. Fertilization of eggs 
(sperm) with irradiated sperm (eggs) can be used to obtain double haploid individuals 
by inhibiting the first mitotic division. 
In populations obtained from crosses between inbred lines or in general outbred 
populations, analysis of co-segregation of markers and QTL can be carried out using 
existing marker maps in many fish species. Linkage maps have been developed for 
Rainbow trout (Onchorhynchus mykiss; Young et al. (1998); Sakamoto et al. (2000)), 
Tilapia (Oreochmmis miloticus; Kocher et al. (1998)) Zebrafish (Danio rerio;Postlethwait 
et al. (1994); Kelly et al. (2000); Singer et al. (2002)) and Catfish (Ictalurus puncta-
tus;Waldbieser et al. (2001)). Current research efforts are aimed at aligning the pub- 
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Figure 1.1: Chromosomal manipulation procedures utilized in fish species. Early treat-
ment induces retention of the second polar body and late treatment blocks the first 
mitotic division. The dashed line represents uniparental reproduction (in this case the 
sperm has the DNA inactivated), either to produce partially homozygous individu-
als (Early treatment; meiotic gynogenesis) or double haploids (Late treatment). The 
solid line represents normal reproduction either to produce triploid (Early treatment) 
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lished linkage maps of rainbow trout (Thorgaard, 2002) and to produce the linkage 
map of Atlantic salmon (Panitz et al., 2002). 
A review discussing the potential use of triploidy and gynogenesis in existing 
breeding programs is presented in Chapter 2 along with the results from an investi-
gation to study to what extent the use of gynogenesis can increase the accuracy of 
estimating genetic parameters compared to the standard full sib design for a range of 
family sizes and population parameters. This investigation used a method based on 
asymptotic restricted maximum likelihood theory, that enables the expected standard 
error of the heritability to be obtained under different designs. 
1.2 Statistical methods of OTL mapping 
Information about linkage of markers and QTL can be obtained from linkage dise-
quilibrium between loci that differ between inbred lines, which creates associations 
between marker loci and linked segregating QTL (Lynch and Walsh, 1997). A large 
number of experimental designs have been proposed (Knapp et al., 1990; Haley and 
Knott, 1992). For example, crosses between clonal lines produced using cromosomal 
manipulations (androgenesis or gynogenesis) can be used to produce the F1 population 
and then another round of androgenesis can be used to produce the mapping popula-
tion. Power is expected to be greater than for other mapping populations (see Chapter 
2). 
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During the last ten years there has been a great deal of development of statistical 
methods aimed to detect QTL. Initially, utilising information from single markers, the 
methods have been extended by using marker brackets, as presented in the seminal pa-
per of Lander and Botstein (1989). Knapp et al. (1990) extended the theory to compute 
conditional probabilities given marker brackets for a series of designs. From there-
after, simple methods has been considered to avoid the computational difficulties that 
may arise when using the full maximum likelihood (ML) analysis. Haley and Knott 
(1992) and Martinez and Curnow (1992) have developed independently QTL mapping 
for interval mapping based on least squares (henceforth "least squares method"). In 
most cases the least squares method is a good approximation to the full maximum 
likelihood method for detecting QTL, but differences between methods may become 
important particularly when the proportion of the variance explained by the QTL is 
large (Xu, 1995; Kao, 2000). All these procedures are single QTL models, which may 
give ghost QTL evidence when more than one QTL is actually segregating in the link-
age group under consideration (Haley and Knott, 1992; Martinez and Curnow, 1992). 
Zeng (1993) and Jansen (1993) developed a multiple QTL method, in which markers 
are fitted as covariables (henceforth "marker cofactors") in order to control background 
variation and the presence of ghost QTL. 
Since implementation of the interval mapping method involves multiple testing, 
and QTL parameters are obtained for every centiMorgan (cM), tabular significance 
thresholds are not appropriate because of the danger of the increased level of false 
positives when conservative thresholds are used. Although it is possible to use simula-
tion to obtain the distribution of the test statistic under the null hypothesis, resampling 
methods are preferred, since they account for the distribution of the data (Churchill 
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and Doerge, 1994). 
The availability of experimental populations makes it possible to study in detail the 
effects and number of QTL segregating in a double haploid population obtained from a 
cross between inbred lines. A set of clonal lines has been developed in the Washington 
State University using androgenesis and gynogenesis. These lines diverge in the rate of 
development during incubation (Robison et al., 1999). In Chapter 3 a Bayesian model 
for mapping multiple QTL is presented that incorporates all the information available 
from these clonal lines. Using this method, we obtained the posterior distribution of a 
model (of different numbers of QTL) implemented using "Reversible jumps" (Green, 
1995; Sillanpaä and Arjas, 1998). This posterior distribution is used to make infer-
ences about the posterior probability of linkage between markers and QTL. We use 
the posterior "QTL intensity" as a probabilistic measure to indicate regions likely to 
include the QTL. 
When it is not possible to obtain clonal lines to develop the mapping population, 
the researcher needs to resort to outbred populations. Power to detect the QTL is ex-
pected to be lower using outbred populations than in crosses between inbred lines, 
because not all the individuals are informative (for markers and QTL) and linkage dis-
equilibrium differs between families. Furthermore, we obtain information about QTL 
segregating within lines and we are interested to compute the total genetic variation 
explained by the QTL rather than fixed differences between lines (Lynch and Walsh, 
1997). The use of these mapping populations poses interesting questions regarding 
the statistical methodology to map the QTL in practice. This thesis investigates many 
aspects of QTL detection in this kind of population. A method has been developed to 
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obtain a rapid evaluation of the power of QTL interval mtpping in outbred populations, 
without the use of extensive simulations (Chapter 4; Martinez et al., 2002a). Using 
this methodology, a comparison between double haploids, full sibs and hierarchical 
designs for QTL mapping purposes was carried out. 
Initially, from a statistical point of view, QTL detection in outbred populations 
has treated the QTL effects as "fixed" and the analysis has been conducted using either 
analysis of variance (Weller et al., 1990), maximum likelihood (Mackinnon and Weller, 
1995; Georges et al., 1995) or least squares methods (Knott et al., 1996; Hoeschele 
et al., 1997; Kadarmideen and Dekkers, 1999). In the human genetics literature QTL 
mapping has been carried out regressing the squared difference of phenotypes of sib 
pairs on the proportion of genes identical by descent (IBD) at a single marker (Hase-
man and Elston, 1972). Further refinement of the method to incorporate information 
from multiple markers has led to the development of the variance component method-
ology, which can be considered one of the most powerful methods for the analysis 
of outbred populations (Xu and Atchley, 1995; Almasy and Blangero, 1998). This 
method has been preferred since it requires less assumptions than the fixed maximum 
likelihood method, it uses all the information available from multiple generations, it 
is robust to the number of QTL alleles, and may make use of all the available infor-
mation of marker data over multiple generations (Hoeschele et al., 1997; Hoeschele, 
2001, and references therein). The basic model of a single QTL is (eqn. 1.1): 
Y=Xb+Zp+Za+e 	 (1.1) 
where Y is the vector of observations (usually of order n (number of animals with 
records)), b is the vector of fixed effects (including the overall mean), X is the inci- 
dence matrix of fixed effects of order (number of animals x number of parameters in 
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b) relating b to V. p is the vector of the polygenic effects (following infinitesimal as-
sumptions), a is the vector of QTL genotype effects of order (number of animals), e is 
the vector of residual effects of order (number of animals with records). The first and 
second moments of the variables are: 
E(Y) =Xb, 
Var(Y) = V 
where A is the numerator relationship matrix (Henderson, 1984), a 
2  is the polygenic 
variance, 24 is the matrix of IBD values between relatives or twice the coancestry at 
the QTL, is the residual variance and I is an identity matrix (assuming homogeneity 
of residuals). 
There are two ways in which information can be combined to carry out the QTL 
analysis under this model (Xu, 1996). In the first case we can use the "distribution 
method" in which, basically, the full likelihood of the observations is constructed such 
that it represents an average of the likelihoods evaluated at all possible values of the 
coancestry between two relatives weighted by their probabilities (Xu, 1996; Gessler 
and Xu, 1996). This method was initially developed in human genetics for the analysis 
of sib pairs and, although it uses all the information available, it is computationally 
very demanding when the size of the family is relatively large and therefore its use is 
restricted to sib pairs (Gessler and Xu, 1996). The second method does not attempt to 
use all the information contained in the data; rather it replaces the true (but unknown) 
IBD values by their expectations conditional on marker data (Xu and Atchley, 1995; 
Grignola et al., 1996). For this reason, this method only requires one to compute the 
covariance matrices pertaining to each of the effects fitted in the model (eqn. 1.1). 
This procedure has been shown to have very similar power compared to the "distribu- 
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tion method" in which the full distribution is used in the analysis (Xu, 1996; Gessler 
and Xii, 1996). 
In this thesis the "expectation method" has been used to analyse alternative designs 
in the context of outbred populations and particularly to accomodate information from 
double haploid individuals. In Chapter 5 the extension of the method to accommo-
date double haploids (DH) jointly with related full sibs (FS) in the same analysis is 
presented. Comparison in terms of power and of accuracy of estimating QTL param-
eters is carried out for scenarios likely to be found in practice. For illustration of the 
method, the analysis of the single double haploid family obtained from a cross between 
two clonal lines that differ in time at hatching that was previously analysed with the 
Bayesian method is also presented. For this analysis, a simple deterministic method 
was implemented to obtain the expected value of twice the coancestry conditional on 
marker data for double haploid individuals. 
Much has been done to study how well the variance component method can cope 
with a small family size, different levels of marker information and magnitude of vari-
ance components under the assumption of a model of only additive effects (Xii and 
Gessler, 1998; George et al., 2000; Pong-Wong et al., 2001; Hoeschele et al., 1997). 
However, there is not much information regarding the mapping of QTL that show evi-
dence of interaction between their alleles. This is an important issue in practice since 
the dominant QTL that segregate in crosses between outbred lines need to be confirmed 
in the commercial populations. In Chapter 6, the testing procedures needed to accom-
modate dominance are described using the random model of QTL detection. Using 
extensive simulations, different levels of dominance at the biallelic QTL are investi- 
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gated. The empirical distributions of the different tests under the null hypothesis were 
obtained to compute power. Properties of estimates of QTL parameters are presented. 
In reality, QTL mapping experiments can have access to information from multiple 
traits. Many of them may be genetically correlated and this observed correlation could 
be explained either by pleiotropic QTL affecting simultaneously more than a single 
trait or by QTL affecting different traits that map to similar positions in the linkage 
group (Falconer and Mackay, 1996). An extension in Chapter 7 of the multivariate 
analysis of QTL under the variance component method is given. Given that in linkage 
analysis of markers and QTL we only use recombinations that occur in the pedigree 
data, this method has the limitation in that the mapping resolution may be not small 
enough to discriminate adequately between the different underlying genetic models. 
The extent to which this method can discriminate whether the observed correlation be-
tween two traits can be explained by either a single QTL or two in the same linkage 
group is studied. 
Chapter 2 
The Use Of Genetic Manipulations For 
Genetic Studies In Fish 
2.1 Introduction 
Many fish species are relatively tolerant to manipulation of their chromosome sets dur-
ing early stages of development. This biological flexibility enables us to use either 
individuals with varying level of polyploidy or diploid individuals produced by means 
of androgenesis or gynogenesis. Many authors have considered these two main types 
of manipulations in order to study the methods that increase the effectiveness of the 
treatments to carry out the genetic manipulations. However, little has been discussed 
in terms of the real value of using these techniques in ongoing fish breeding programs, 
in particular the use of these manipulations for the detection of Quantitative trait loci 
(QTL). 
11 
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The main objective of the present review is to discuss by which means, chromoso-
mal manipulations can be used for aid the development of fish breeding programs and 
QTL mapping experiments. First, a description of the utility of polyploidy is given and 
what the most likely value of these manipulations is under practical conditions, such 
as in commercial populations. Secondly, possibilities of using meiotic gynogenesis, 
mitotic gynogenesis and androgenesis in conventional breeding programs using only 
phenotypic information are discussed along with their use in QTL mapping experi-
ments and linkage analysis. 
2.2 Polyploidy 
Fish are relatively tolerant to artificial manipulation of their chromosome sets during 
early development, and for this reason optimal methods to induce polyploidy have 
been considered by many researchers (see Purdom (1983); Thorgaard (1986, 1992) for 
reviews and see Figure 1.1 on Page 3 for an overview). In this section we discuss the 
use triploidy in fish breeding programs. 
2.2.1 Sterility and efficiency of growth 
Triploidy leads to the production of almost sterile individuals without evidence of ex-
ternal maturation. For this reason, this kind of chromosomal manipulations has been 
sought to control the detrimental effect of reproduction on carcass quality. The degree 
of reproductive disruption depends, as we shall see later on the sex of the individual 
and the species involved. This reproductive disruption has been observed normally in 
rainbow trout females, for instance, where triploids occur spontaneously (Thorgaard 
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and Gall, 1979). 
Gametogenesis is severely disrupted in triploid females of salmon, where no en-
docrine signs of maturation, even at the level of the pituitary has been observed. It 
appears that post meiotic oocytes do not reach the full size of maturity, presumably, 
because there is little vitellogenin available for oocyte development (Benfey et al., 
1989; Thorgaard, 1992). In contrast, triploid males usually display external and inter-
nal secondary sexual traits (i.e. dark coloration of the skin and modification of the body 
conformation, increase in gonad size), courtship behaviour and develop an endocrine 
profile similar to that of the diploid males. Spermatogenesis appears to be somewhat 
reduced in comparison to diploid males (Lincoln and Scott, 1984; Benfey et al., 1986). 
The sexual maturity and the consequently gonad development in salmon is gen-
erally an economic drawback for the aquaculture industry as metabolic energy is di-
verted from somatic cell growth to reproduction, resulting in the deterioration of flesh 
quality and appearance (Bye and Lincoln, 1986; Asknes et al., 1986). The advan-
tages of triploid production can only be observed after the onset of the maturation 
process, where in general it is suggested that triploid fish may show an extension of 
growth (Thorgaard, 1986) and the inhibition of maturation would prevent the normal 
degradation in carcass quality observed during the normal spawning season (Asknes 
et al., 1986). Furthermore, female triploids of salmon show a significantly higher yield 
(Thorgaard and Gall, 1979; Lincoln and Scott, 1984), fillet weight (Lincoln, 1981) 
a higher pigment (Canthaxantine) retention (Choubert and Blanc, 1989), compare to 
diploid females. Concomitantly however, there is an increase of fat deposition sur -
rounding intestines and guts. These results agree with (Horgsten-Schwark et al., 1997), 
Chapter 2. The Use of Genetic Manipulations for Genetic Studies in Fish 	14 
where female triploids showed significantly lower gonadosomatic indices and signifi-
cantly higher intestinal fat, when fish were slaughtered at the beginning of the spawn-
ing season, i.e. when the reproductive process has finished. 
One of the major concerns of the Atlantic salmon farming industry is the high per-
centage of males that mature after only one year in the sea or even before (Kinghorn, 
1983; Ojolick et al., 1995; McGeachy et al., 1995). This induces losses since a high 
mortality rate is observed among those individuals. The same problem has been ob-
served in rainbow trout and in some populations of pacific salmon during the seawater-
rearing period. Thus the high level of early maturation observed in some populations 
may lead to diminishing returns for the fish farming enterprises. The utilisation of all 
female triploid populations seems to be more advantageous than the use of direct se-
lection in this case, in view of the very low heritability and the magnitude of genotype 
environment interactions that have been estimated for early maturity (Wild et al., 1994; 
Gjerde et al., 1994). 
The growth performance of triploid fish has been considered empirically by sev-
eral authors (Thorgaard, 1986; Johnson et al., 1986; Bye and Lincoln, 1986; Chourrout 
et al., 1986; Myers and Hershberger, 1991; Withler et al., 1995; Ojolick et al., 1995; 
Gallbreath et al., 1994; McGeachy et al., 1995). It appears that comparative perfor -
mance of diploids and triploids varies both among the different species analysed and 
also within species. Furthermore, the observed discrepancies may be due to differ-
ences in sample sizes (the reviewer is. aware of the relatively low samples utilised in 
some of the experiments cited), different rates of triploidy achieved (and sample sizes 
utilised in order to quantify it), different rearing procedures (i.e. separate or corn- 
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mon rearing of diploids and triploids), confounding between sex effects and triploidy 
and also due to the methods used to induce triploidy (shocks versus crosses between 
tetraploids and diploids). Despite the differences observed between studies, it appears 
that triploids generally show lower survival during the freshwater phase (Withier et al., 
1995; O'Flynn et al., 1997). 
Compare to diploid individuals, triploids are composed of a smaller number of 
larger cells. Several researchers have called attention to the theoretical problem of 
carrying out basic metabolic processes in enlarged cells. This may result in disrupted 
diffusion processes and receptor binding chemistry, due to the relative reduced sur -
face area to volume ratio of enlarged cells. This situation may explain why triploids 
are more susceptible to stressful conditions such a reduce oxygen content in the wa-
ter (Johnson et al., 1986; Biron and Benfey, 1994; Ojolick et al., 1995; Withler et al., 
1995). However, the experimental evidence is not conclusive. Short term stress fac-
tors does not yield significant differences in metabolic and stress parameters between 
triploids and diploids as has been found recently (Oppedal et al., 2002). Long-term 
stressful conditions such as confinement may explain why other studies have found 
that triploids have lower survival and growth compare to diploids under such circum-
stances (Ojolick et al., 1995). Nevertheless, this is consistent with observations in 
plants, where autopolyploids in some instances are weak and lacking in vigour (Al- 
lard, 1960). 
Since the most potential benefit of using triploids is in commercial operations, it is 
necessary to quantify to what extent the information of diploid relative's performance 
is useful in order to predict the performance of the triploid fish. However, it is not 
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clear how the performance of the triploid fish can be incorporated in the selection cri-
teria of fish breeding programs. The genetic evaluation using an animal model of the 
breeding stock under mixed polyploidy would require recalculation of additive genetic 
variances and covariances to accommodate the polyploidy nature of the offspring. Pre-
liminary results suggest however, that there is not consistency in the magnitude of the 
family by ploidy interactions for body weight measured at different ages, presumably 
due to the greater susceptibility of triploids to different stressful environments (Withler 
et al., 1998; Bonnet et al., 1997). Recent studies suggest that there is little advantage 
of using triploid progeny for commercial purposes in Atlantic salmon, if the parents 
were selected based on diploid performance of contemporaries (Withler et al., 1998; 
Friars et al., 2001). Concomitantly, there is the problem in that triploids show increase 
phenotypic variance compare to diploids (Friars et al., 2001). For all these reasons, it 
seems difficult to combine the phenotypic information from diploids and triploid indi-
viduals in the current breeding schemes. 
To overcome the problems related to continuous heat shocks in every generation 
to produce triploid individuals for commercial populations, some authors have sug-
gested the utilization of crosses between tetraploid and diploid individuals (see Fig-
ure 1.1 on Page 3 Chourrout et al., 1986; Myers and Hershberger, 1991; Thorgaard, 
1992). Tetraploids may be induced by inhibition of the first mitotic division, after 
normal fertilization of haploid gametes. The use of diploid gametes from tetraploid 
individuals would eliminate the need for extensive assessment of triploidy rates, when 
heat shocks are used to induce triploidy (Myers and Hershberger, 1991). However, 
tetraploid individuals show reduced viability which disable its use for commercial 
purposes (Myers and Hershberger, 1991). Males showed a reduced fertilising capac- 
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ity, apparently because of the large size of the spermatozoa (Chourrout, 1986; Myers 
and Hershberger, 1991), and females lack synchronous maturation with males. Fur-
ther, the effects of "double diploidy" and "aneuploidy" (that is sometimes observed 
in tetraploids) in terms of viability and fertility among induced tetraploid individuals 
(see Perez-Carrasco et al., 1994) are largely unexplored. There is also empirical ev -
idence that indicates that a proportion of the progeny produced by crosses between 
tetraploid males and diploid females are diploids, probably due to spontaneous andro-
genesis (Chourrout et al., 1986). Another constraint is the skewed sex ratio towards 
males observed among the progeny of tetraploid males (Chourrout et al., 1986), which 
is a further disadvantage since all female triploids are required in the commercial oper-
ation. Clearly more research is needed in order to quantify the effects of incorporating 
progeny of tetraploid individuals for commercial purposes, especially in terms of the 
genetic lag, when unimproved tetraploid stocks are utilised to produce triploid individ- 
uals for commercial purposes. 
Finally, in spite of the relative importance of triploids in terms of research efforts, 
there is no economic evaluation to date of a production system in which triploidy is 
used for commercial purposes. Of importance is the study of the total output of final 
product that may be achieved to produce commercial populations and the apparent ad-
vantages in the extension of the harvest season. 
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2.3 Gynogenesis and androgenesis 
Gynogenesis is a form of parthenogenesis in which eggs are activated to develop using 
sperm, which does not contribute genetically to the embryo (Streisinger et al., 1981; 
Thorgaard, 1986, see Figure 1.1 on Page 3). Gynogenetic diploids can then be pro-
duced using similar treatments to those utilised to induce polyploidy (Chourrout and 
Quillet, 1982; Chourrout et al., 1986; Hussain et al., 1993; Mair, 1993). Early shocks 
induce the retention of the second polar body at meiosis, i.e. inhibit the segregation of 
sister chromatids that would normally occurs during meiosis II in the developing em-
bryos (meiotic gynogenesis), while later shocks block the first cleavage by disassociat-
ing the microtubule units, inducing double haploidy (also called mitotic gynogenesis; 
Streisinger et al., 1981; Purdom, 1983; Mair, 1993; Thorgaard, 1986; Bongers et al., 
1997a). In general, haploid individuals are not viable, showing arrested developmental 
phenotype and generally die before hatching (Purdom, 1983; Thorgaard, 1986; Mair, 
1993; Gestsl et al., 1997). Nevertheless, there is some evidence regarding spontaneous 
diploidization in some species of carp (Cherfas et al., 1995) and in the flounder (Pur-
dom, 1983). The prevention of the male contribution to the subsequent development of 
the embryo is achieved by treating the sperm of genetically distant males, with gamma 
rays (Chourrout and Quillet, 1982; Thorgaard, 1986), ultraviolet rays and chemical 
treatments (Chourrout, 1986). 
Analogously, androgenesis is a method of all-paternal inheritance. It can be in-
duced in fish by irradiating eggs with gamma rays, to inactivate the maternal genome, 
then the eggs are fertilised with normal sperm, and diploidy is restored by applying 
heat or pressure shocks to prevent the first mitotic division (Parsons and Thorgaard, 
1985; Thorgaard, 1986; Mair, 1993; Corley-Smith et al., 1996; Bongers et al., 1997b). 
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Another method for inducing androgenesis is related to the utilization of tetraploid 
males. In this case, irradiated eggs are fertilised with diploid sperm from tetraploid in-
dividuals. Empirical work has shown that this method give increased rates of survival 
(Thorgaard et al., 1990). 
2.3.1 The use of gynogenesis in genetic studies 
Early research on gynogenesis in fish was related to the diploidization of the gametes 
by suppressing the second meiotic metaphase (Nagy and Csanyi, 1982; Purdom, 1983; 
Guyomard, 1984; Allendorf et al., 1986). In this case, the gynogenetic progeny of 
heterozygous females are homozygous, except when recombination occurs between 
the centromere and the locus examined i.e. the degree of homozygosis when meiotic 
gynogenesis is induced will depend upon to what extent recombination occurs between 
chromatids at meiosis. 
In rainbow trout the estimation of the overall genomic homozygosis has been stud-
ied by means of measuring heterozygosity for different allozyme loci. The results 
show that mean heterozygosity varied between 0.35 to 0.68, in a single generation 
of meiotic gynogenesis (Thorgaard et al., 1983; Allendorf et al., 1986). Because the 
residual heterozygosity widely varies according to the locus considered, i.e. depend-
ing on how distal the loci is in relation to the centromere, it was concluded that this 
type of genetic manipulation will be inefficient in fixing telomeric loci that show a 
high level of residual heterozygosity (Nagy and Csanyi, 1982; Thorgaard et al., 1983; 
Guyomard, 1984; Nagy and Csanyi, 1984). Some strategies comprising the combined 
effects of gynogenesis and sex reversal that allow full sib matings have been suggested 
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in order to increase the rate of inbreeding per generation (Nagy and Csanyi, 1984). A 
related type of mating program has been used to obtain inbred lines of carp which are 
scored for those loci still segregating in the experimental population (Palti et al., 2002). 
Significant segregation distortion is observed in some of the markers, suggesting that, 
after a number of generations of meiotic gynogenesis and full sib matings, deleterious 
mutations are still segregating in this population. 
2.3.2 Accuracy of estimating genetic parameters using gynogene 
sis 
Some authors have suggested that the double haploid design provides more accurate 
genetic parameters when the optimal (minimum) number of progeny is used for ob-
taining the smallest standard error of the intra-class correlation between double hap-
bid progeny (Bongers et al., 1997a; Bijma et al., 1997). This optimality criteria maybe 
sensible theoretically, but in practice too few individuals per family may lead to few 
families being represented, with adequate numbers for obtaining reliable estimates of 
genetic parameters. For this reason, a more general procedure is needed to quantify 
in which circumstances this type of design shows advantages over more conventional 
designs with varying family size. Optimum designs refers to the design that shows the 
lowest standard error of the heritability estimates, and this may have a direct impact 
on the total number of individuals needed to be measured in order to obtain reliable 
estimates of genetic parameters. This may be specially important in situations where 
the labour and cost of measurement is a limitation, for example for traits that are dif-
ficult to measure in practice or for traits with low repeatability. Furthermore it is not 
clear by what means it is possible to obtain expectations that combine individuals from 
Chapter 2. The Use of Genetic Manipulations for Genetic Studies in Fish 	21 
a single family reproduced by normal reproduction and androgenesis or gynogenesis. 
This type of design is expected to give more accurate estimates of genetic parameters 
in experimental populations, since more contrasts are available within the family. This 
may be directly related to the information that can be use in the animal model to give 
greater accuracy of parameters (Meyer, 1989). In this section I review the accuracy of 
genetic parameters as obtained from different designs obtained using REML by invok-
ing asymptotic properties of maximum likelihood estimators (see the appendix to this 
Chapter). 
2.3.2.1 Designs evaluated 
The quantitative trait is assumed to be genetically controlled by an infinite number of 
unlinked additive loci each with a small effect, assuming no interaction between loci 
(i.e. the infinitesimal model Bulmer, 1980). The population is assumed to have and 
equal sex ratio, to follow discrete generations with parents mated at random, chromo-
somal manipulations would be performed to produce double haploid as well as meiotic 
gynogenetic individuals. The population is structured according to the following de- 
signs: 
Mitotic Haploid design( DH) : Under the double haploid design, dams were 
used to generate the progeny generation. The diploid state is restored artificially using 
treatments that enable the genetic contribution of a single chromosome to be doubled. 
Meiotic Haploid design( ME) : Under the meiotic gynogenetic design, only 
dams were used to generate the progeny generation. The diploid state is restored arti-
ficially using treatments that enable the genetic contribution of a haploid gamete to be 
doubled by disabling second polar extrusion. 
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Mixed design I (MI): Under this design, equal proportions of normal full sib and 
double haploid individuals were generated to produce the progeny generation. Differ-
ent proportions of double haploid individuals were considered. 
Mixed design II (Mu): Under this design, equal proportions of normal full sib 
and meiotic gynogenetic individuals were generated to produce the progeny genera-
tion. 
Mixed design III (MIII): Under this design, equal proportions of normal full 
sib, double haploid and meiotic gynogenetic individuals were generated to produce the 
progeny generation. 
Full sib design (FS): This is a standard design in which pairs of parents were 
chosen at random and then mated to produce the progeny generation. The design pro-
duces a number of unrelated families. 
The designs outlined previously, are evaluated for different values of the heritabil-
ity (h2= a2 a2 where and a are the genetic and residual variance, respectively) 
are considered. This is achieved by keeping constant the environmental variance while 
varying the values of the polygenic variance. The total sample size is assumed con-
stant with a fixed value equal to 1000 individuals (including parents and offspring), but 
varying the total number of families varied from 10 to 100. 
The accuracy of the estimates of heritability is influenced, in some cases markedly, 
by the design used to obtain estimates of genetic parameters. On the basis of the alter-
native designs considered in this review, it appeared that using jointly information from 
outbred and inbred progeny in the same family unit led to an increase in the precision 
of estimates of heritability (Figure 2.1). This situation is more evident when the hen- 
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tability is high and the design comprises a small number of families with a relatively 
high family size (see also Table 2.2 in the appendix of this Chapter). For example, con-
sider the case when the population comprise 10 "families" with 100 individuals each. 
The mixed designs considered under these circumstances gave a standard error (SE) 
almost 50 percent lower that either the double or the full sib design.This was especially 
seen when the values of the heritability were higher than 0.3. For lower values of her-
itability there is still an advantage but becomes relatively small (Figure 2.1). When 
comparing the FS and DH design, standard errors are dependent on the value of the 
heritability and the number of sibs per family. Smaller SE was obtained for the double 
haploid design when the heritability is small and the family size decrease, in accor-
dance to previous derivations (Bijma et al., 1997). The values of SE for the meiotic 
design were intermediate between the DH designs and FS design. 
Other trends observed were as expected. Increasing the number of families gen-
erally produced lower standard errors. Although this decrease is dependent on the 
value of the heritability which is consistent with results from Robertson (Falconer and 
Mackay, 1996). For example, for h2=0.1 the full and mixed sib designs tend to pro-
duce designs with lower SE when 50 families are performed in the population. Using 
Robertson results the optimum number of full sib families is 55. 
2.3.3 Linkage analysis using double haploid individuals 
Early attempts to perform linkage analysis in rainbow trout were carried out by utilis-
ing meiotic gynogenesis. The diploidization of gynogens were used to estimate the re-
combination rates between loci and their centromere, by producing half tetrads, which 
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Figure 2.1: Asymptotic standard error of heritability estimates as obtained from dif-
ferent designs and heritability values. DH, double haploid design; ME gynogenetic 
meiotic; PS full sib design; MI mixed design (DH:FS); Mil mixed design (ME:FS); 
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may be induced by inhibiting the second meiotic division (Allendorf et al., 1986). This 
was carried out utilising information from the phenotypic expression of genes related 
to pigmentation (albino versus pigmented) and with the aid of electrophoretic markers 
(Thorgaard et al., 1983; Thorgaard, 1986). With this method, 25 enzyme loci were 
mapped in relation to their centromere. Also complete chiasma interference was found 
in some of the loci studied in rainbow trout (Thorgaard et al., 1983; Allendorf et al., 
1986). Obviously, the effectiveness of this approach is dependent upon the existence 
of suitable allozyme polymorphism, but with the development of molecular markers 
(such as microsatellites) it was possible to confirm in Zebrafish the results on chiasma 
interference (Gestsl et al., 1997) and to continue related studies on recombination frac-
tions between the microsatellite markers, and to orientate linkage groups relative to the 
centromere and other markers in the same chromosome (Slettan et al., 1997). 
Lie et al. (1994) describe a method for gene mapping in Atlantic salmon using hap-
bid gynogenetic offspring. In this case, pseudo-fertilized eggs with irradiated sperm 
were used for DNA extraction. These samples provides a considerable larger amount 
of DNA compare to the possible number of tests that can be carried out on single sperm 
cells (Slettan et al., 1997). One further advantage of this strategy is that each haploid 
embryo represents a single meiotic event, allowing a less complex genotyping of the 
population, compared to the standard methods that utilised two or three generations of 
full and half sib pedigrees (Slettan et al., 1997). A further possibility is related to the 
study of segregation distortion and complementation of specific alleles, by estimating 
differences between haploid and diploid progeny (Lie et al., 1994; Slettan et al., 1996). 
One possible disadvantage is the difference between recombination frequencies be-
tween sexes. In this case, to produce a combine genetic map or a male specific map, it 
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will be necessary to use typing of traditional family material, or haploid androgenesis, 
respectively (Slettan et al., 1997; Singer et al., 2002). This approach has been used 
for the development of linkage maps in Tilapia (Kocher et al., 1998) and the Zebrafish 
(Postlethwait et al., 1994; Singer et al., 2002). Recently this strategy has been used to 
compare the rate of genetic recombination along the length of chromosomes between 
sexes (Singer et al., 2002). 
2.3.4 QTL detection using chromosomal manipulations. 
Crosses between inbred lines offer a straightforward framework for experiments re-
garding the detection and mapping QTL by marker trait associations (Lynch and Walsh, 
1997). In all cases, determination of linkage between marker loci and QTL depend on 
the presence of linkage disequilibrium between alleles at the marker locus and alleles at 
the QTL. The disequilibrium generates marker associated quantitative effects that can 
be detected by appropriate statistical analysis (Hoeschele et al., 1997). The cross of 
two inbred lines provides the creation of linkage disequilibrium between loci that differ 
between the lines, by creating associations between the marker loci and linked segre-
gating QTL (Lynch and Walsh, 1997). Providing that the inbred lines differ with re-
spect to marker loci and also with respect to QTL affecting the trait of interest, marker 
associated effects can be easily detected by comparing quantitative value of alternative 
marker genotypes in the F2 or in a back-cross population. 
At the moment most of the information from QTL experiments in fish comes from 
outbred pedigrees that only make use of the information from single markers (Jackson 
et al., 1998; Danzmann et al., 1999; Perry et al., 2001). It is likely that new designs 
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or new strategies can increase the power of detecting QTL affecting complex traits in 
many species of economic importance. The possibility of genetic manipulations cou-
pled with the high fecundity of most species of fish would give relatively powerful 
designs for detection of marker QTL linkages. For example, a relatively large number 
of homozygous offspring could be produced by gynogenesis and or androgenesis from 
a single outbred female, because of the high fecundity observed in many species of 
fish. As mentioned before, subsequent reproduction of those individuals by means of 
gynogenesis and or androgenesis leads to the production of completely homozygous 
clonal lines, that could be utilised as standard inbred lines, in order to produce the F1 
population. Crosses to produce the F1, can be carried out utilising either sex rever-
sal of gynogenetic individuals or by crossing clonal lines produced by androgenesis 
and gynogenesis (see Figure 1.1, Page 3). After the production of the F1 population, 
a series of alternative designs can be used in order to produce the mapping popula-
tion. Another round of androgenesis produces a double haploid (DH) population or 
crosses between F1 individuals (using sex reversal) can be used in order to form the 
F2 population. A small-scale simulation study using my own program was carried out 
to exemplify the power and accuracy of estimates of QTL parameters obtained using 
these main alternative designs applicable in fish populations. 
The simulations were performed by sampling randomly gametes from a completely 
informative F1 parent. These gametes were either duplicated to produce the DH map-
ping population or united with a second gamete at random to produce the F2 map-
ping population. Using the least squares procedure for mapping QTL, the test statistic 
used to detect the QTL was the approximate likelihood ratio test (LRT) (Martinez and 
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where nanin  was the number of individuals (equal to 150 individuals), RSSrediced was 
the residual sums of squares fitting only the mean (the null hypothesis of no QTL) and 
RSSfj1 was the residual sums of squares after fitting the conditional probabilities of 
QTL genotypes (the alternative hypothesis of no QTL) at each position in the linkage 
group. This test was calculated by regressing phenotypes on conditional probabilities 
of QTL genotypes along the simulated chromosome (which comprised 11 markers, all 
equally spaced at every 10 cM, with an additive QTL situated at 25 cM). The distri-
bution of the test statistic for both designs under the null hypothesis of no QTL from 
1000 replicates gave a 5 percent significant threshold of a LRT 8, and the power 
for the different scenarios was calculated as the number of replicates that gave a LRT 
greater than this significance threshold. Figure 2.2, gives the mean value of the likeli-
hood ratio test for position tested (every 1 cM) for the two designs evaluated and for a 
QTL explaining 5 or 9 percent of the variance in the original base population. 
The advantages of using the double haploid design in terms of power are obvious, 
and the test statistic obtained when implementing the DH design for the lower QTL 
is not different from the one obtained by using the F2 design for the QTL with higher 
effect. These results are expected, since the variance at the QTL of the DH design 
is doubled the one obtained in the original population. Therefore, the variance at the 
QTL in the F2 population with a QTL of large effect is equal to that observed at the 
QTL in the DH design and so both test statistics should be similar. In the scenario with 
a QTL of large effect using the DH design, the mean LRT more than doubled the one 
obtained from the F2 design. 
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The most likely location of the QTL was obtained as the position where the maxi-
mum LRT was obtained in the chromosome, using the standard interval mapping anal-
ysis. It is interesting to observed that the F2 design gave slightly biased estimates of 
position towards the center (Xu and Vogl, 2000). This bias was not observed for the 
DH design (Table 2.1), which also gave a standard deviations of QTL effect position 
almost halved the ones observed for the F2 design. Average estimates of QTL effects 
were all very similar to the simulated value and the DH design gave slightly reduced 
standard deviations. 
The use of this type of genetic manipulations opens up new possibilities for studies 
related to the differential expression of genes. This can be done for example by raising 
the double haploid in different environments, opening the possibility to study QTL by 
environment interaction. Power for detecting additive by additive epistasis is also in-
creased, since the epistatic variance is four times the epistatic variance as obtained in 
the F2 design. 
It is necessary to point 'out that the results from QTL experiments from inbred 
lines or experimental populations are not directly applicable to the current breeding 
schemes or in marker assisted selection (Lynch and Walsh, 1997; Fennesy, 1997). Cer -
tainly, in this case it will be necessary to confirm that the QTL identified within the 
current experimental material is present in the current outbred population (Spelman 
and Bovenhuis, 1998; Andersson, 1998). For the majority of traits of economic impor-
tance, populations may be generally polymorphic at the QTL as well as at marker loci 
and therefore it would be possible to utilize directly these resource populations. Within 
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Figure 2.2: Mean profile likelihood ratio test (LRT) over 100 replicates for an additive 
QTL simulated at position 25 cM, with a heritability equal to 5 or 9 percent in the base 
population. F2 is the classical design from crosses between F1 individuals and DH is 
the double haploid design produced by using gynogenesis (androgenesis) for produc-
ing the mapping population. In both cases, the test statistic under the null hypothesis of 
no QTL is equal to a LRT value of 8, so increases in the value of the test statistic indi-
cate increases in power. The symbol + indicates the position of the simulated QTL. h 
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Table 2.1: Estimated QTL parameters (standard deviation SD, in parenthesis) obtained 
using the double haploid design (DH) and the F2 design for a QTL explaining 10 or 5 
percent of the variance in the original population 
Location (SD) QTL effect (SD) 
F2 	30.93(19.99) -0.35(0.12) 
aQTL=O.OS DH 	25.61(11.30) -0.32(0.08) 
F2 	29.42(17.02) -0.45(0.10) 
cYQTL=O.lO DH 	25.22( 6.39) -0.48(0.09) 
those outbred populations, gynogenetic mapping could be carried out, by producing 
large numbers of gynogenetic families in order to include most of the QTL segregat-
ing in the population. Within this context gynogenetic families, provided the "dam" 
is heterozygous (for the marker and the QTL), the difference between the progeny in-
heriting alternative alleles is compared, in order to identify maternal marker alleles in 
coupling with favourable or unfavourable QTL alleles (Kashi et al., 1990; Bovenhuis 
et al., 1997). There is clearly a need for further studies to compare the power of detect-
ing a QTL using different designs and to develop new methods of analysis to use with 
these population structures. 
In conclusion, this review shows the great potential of using chromosomal manip-
ulations, in particular gynogenesis and androgenesis. These chromosomal manipu-
lations provide a framework in which the available information regarding molecular 
markers can be eventually used, in order to investigate in more detail the genetic basis 
of the observed variation in fish populations. The use of triploids in practice to en- 
hance growth or other traits of economic importance appears to be less promising and 
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difficulties may arise when implementing these methods to increase the productivity 
of commercial populations. 
2.4 Appendix: Literature review 
2.4.1 Dispersion of REML estimates of variance components and 
heritability 
For estimation purposes, the phenotypes (Y) for the quantitative trait can be modelled 
using (eqn. 2.2) , which is the general univariate animal model: 
Y =Xb+Zp+e 
	 (2.2) 
where b is the vector of fixed effects, p is the vector of breeding values (under 
infinitesimal assumptions) and e is the vector of residuals. X and Z are the incidence 
matrices relating observations with fixed and random vectors, respectively. 
The first and second moments of the phenotypic distribution under this model are: 
E[Y] =Xb 
and 
Var[Y] V = ZZTA5 + Ia 	 (2.3) 
where A is the numerator relationship matrix among individuals, I is an identity matrix 
and all other terms are as above. Under multivariate normality, the density of the data 
viewed as function of the unknown (parameters), can be expressed as the likelihood of 
the error contrasts (Patterson and Thompson, 1971). This likelihood is maximised to 
Chapter 2. The Use of Genetic Manipulations for Genetic Studies in Fish 	33 
obtain REML estimates of variance components. The natural logarithm of this likeli-
hood can be expressed as (2.4): 
	
LOgLR = - [(N - r)log2it + log(KTVK) + yTpy} 	 (2.4) 
where K is a matrix that satisfies KX=O, N-r is the number of linear independent error 
contrasts and P=K (KT VK)K=V' - V_ 1 X(XT V_ 1 X)_ 1 XT V -1 
Solving this equation to estimate the unknown variance components requires the 
inverse of the (co)variance matrix of the random effects (V). This matrix differed 
among the different designs considered in the present study. Due to the unusual rela-
tionships established under the gynogenetic mode of reproduction, the usual rules for 
constructing A cannot be applied (Henderson, 1984). When individuals are ordered 
chronologically, the numerator relationship matrix can be obtained from (Bijma et al., 
1997; van Arendonk et al., 1994): 
Ai,1_i A1,_1s 1 (2.5) 
sAi,_i 	ajj 	
] 
where, A 1,i— i is the relationship matrix obtained recursively from animal 1 to i-i; S, is a 
column vector of dimension i-i 5, is a vector indicating the contributions of the parents 
of the individual ith and zeroes elsewhere; a,1 is the diagonal element of the matrix A, 
for the individual ith, which is equal to 1-i-F, where F is the coefficient of inbreeding 
(1 for double haploid individuals and 0.5 for meiotic individuals assuming free recom-
bination according to the infinitesimal model). The inverse of the relationship matrix 
can be obtained from: 
A 	0 s,s, —Si  
AT1 
= 	 +(au—srAi_isiy1 	 (2.6) 
0 0 	 —sf 1 
Chapter 2. The Use of Genetic Manipulations for Genetic Studies in Fish 	34 
2.4.2 Asymptotic large sample dispersion matrices 
The precision of the REML estimates of heritability between the different designs was 
compared analytically using asymptotic theory. Under restricted maximum likelihood 
estimation the Fisher information matrix was calculated as the reciprocal of the sec-
ond derivative of the log-likelihood function evaluated at the REML estimator of the 
variance components. For the purposes of comparison of different designs, the REML 
estimates were replaced by their true values. . The information matrix is obtained 
by eqn. (2.7) (Searle et al., 1992): 





trace(PIPZAZ T ) 	trace(PIPI) 
The standard error of h2  was approximated using Taylor series expansion around 
the expected value of variance components (Lynch and Walsh, 1997). The variance of 
was obtained by (2.8): 
Var( ) Var( 
()(1/(a+c)) 2 
+Var( 2+a2)((a2 /(y2 +G2 ) 2)) 2 	 (2.8) 
—2Cov( ,a+a)(1/( a2+a2)[a2/(a2+a2)2} 
and 
- - 	 - - 
Cov(a, + a) = Var() + Cov( + ) 
Var((y + ) = Var(a) + 2Cov(, a) + Var(a) 
2.4.3 Monte-Carlo simulations 
Monte Carlo simulation was used to test the results obtained from the analytical method 
previously presented, using for these purposes the DH, MI and the FS designs. The 
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simulated populations were structured with a number of unrelated families whose par-
ents were a random sample of individuals from a conceptual non-inbred base popu-
lation. Mating is at random. Breeding values of the parental generation were drawn 
from N (0,(y 2 ). Breeding values of the full sib progeny were obtained as the average 
value of the breeding values of their parents plus a mendelian sampling term sampled 
from N (O,c/2). Each gamete of the dam was simply duplicated to obtain the double 
haploid progeny. Environmental values were sampled from N (0,(Y 2),  to generate the 
phenotypes of parents and offspring. REML estimates of variance components were 
obtained with ASREML (Gilmour et al., 1999), by fitting user defined covariance ma-
trices. The test statistic was the standard likelihood ratio test (Ho =0 2-0  versus H1 = 
0, which follows a x2 distribution with one degree of freedom). 
The predictions of the sampling variance based on the deterministic method are 
very accurate. In most the examples shown in Table 2.2, these values agree very closely 
with results obtained using the simulations, with differences less than 1 percent. But 
some departures were observed when investigating double and full sib designs with 
a low number of parents included in the simulations and a relatively high heritability 
(see Table 2.2, for 10 families). The assumption of the large sample estimate of the 
heritability variance as obtained using the deterministic method rely upon approximate 
normality; for small number of families and large heritability it is expected that the dis-
tribution of the estimated heritability will become skewed (Visscher, 1998). Variance 
components are distributed proportionally to x2 distributions, which are known to be 
highly skewed when the design has a small number of degrees of freedom (Visscher, 
1998). The present simulations confirmed this expectation, in that the distribution of 
the REML estimates of heritability departs from normality under the DH and FS de- 
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Table 2.2: Standard error of REML estimates of heritability, using analytical and 
Monte Carlo simulation (between parenthesis). 
Family size 
Design 25 50 100 
DH 0.058(0.058) 0.075(0.079) 0.158(0.169) 
0.40 	MI 0.052(0.05 1) 0.059(0.060) 0.090(0.091) 
FS 0.060(0.062) 0.073(0.073) 0.146(0.156) 
DH 0.047(0.047) 0.057(0.061) 0.116(0.135) 
0.25 	MI 0.046(0.046) 0.050(0.051) 0.077(0.077) 
FS 0.05 3(0.054) 0.059(0.05 9) 0.108(0.113) 
DH 0.029(0.029) 0.030(0.032) 0.05 1(0.053) 
0.10 	MI 0.034(0.035) 0.033(0.033) 0.043(0.043) 
FS 0.041(0.040) 0.038(0.038) 0.053(0.05 0) 
signs (p < 0.001). Nevertheless, using the MI design produces SE which are very close 
to the ones expected using the formula (equation 2.8) and the empirical distribution 
did not depart from normality (p = 0.32). This may be explained by the fact that the 
mixed design capitalizes on many different relationships within families, so that esti-
mates of variance components tend to be more accurately estimated. 
Chapter 3 
Posterior Evidence Of Multiple QTL 
Influencing Early Development In 
Double Haploid Lines Of Rainbow 
Trout 
3.1 Introduction 
During the last decade, quantitative trait loci (QTL) have been mapped using link-
age disequilibrium generated by crosses between lines (inbred or outbred) that widely 
differ for the trait of interest. The standard statistical method of analysis for detect-
ing QTL has been the interval mapping approach of Lander and Botstein (1989) in 
which estimates of position and effect can be obtained using a maximum likelihood 
approach that takes into account the distribution of the data. This is done by using 
the profile of the full likelihood function treating the recombination fraction between 
37 
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markers and the QTL as a nuisance parameter. The estimate of position of the QTL 
obtained in this way generally coincides with the maximum likelihood estimate of po-
sition (Sorensen, 2001). In the QTh mapping problem, this is done by maximizing the 
likelihood at each position of the linkage group and then the highest likelihood ratio 
test of one QTL versus no QTL is assumed to be the most likely position of the QTL. 
The likelihood ratio value should be greater that certain significance threshold. The full 
maximum likelihood analysis is approximated using least squares by regressing QTL 
genotype probabilities onto the phenotypes, in order to obtain the most likely position 
of the QTL along the linkage group (Martinez and Curnow, 1992; Haley and Knott, 
1992). Utilising the profile of the likelihood as a means to obtain the best location in 
the linkage group is not without problems, because under these conditions the distri-
bution of the test statistic is unknown and because the repeated tests carried out are 
not independent at each consecutive position of the linkage group. The computational 
simplicity of the regression approach enables one to simulate the empirical distribu-
tion of the test statistic under the null hypothesis of no QTL, by randomly shuffling 
the phenotypic and marker data; this is the so called permutation test (Churchill and 
Doerge, 1994). Under this type of analysis testing for more than a single QTL requires 
a multidimensional search or fitting markers or "virtual markers" as covariates in order 
to capture variation due to QTL other than the one tested (Zeng, 1994; Jansen, 1993). 
Obtaining the appropriate significance thresholds using these approaches is even more 
challenging, especially when linked markers are fitted in the multiple QTL approach 
(Mangin et al., 1999). 
Bayesian methods provides us with a straightforward framework in which the pos-
terior distributions of all the unknowns in the QTL mapping problem are obtained 
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using Monte Carlo Markov Chains (MCMC) methods. Under this framework, rather 
than maximizing the likelihood to obtain the maximum likelihood estimates of pa-
rameters, we base our inference in terms of fully conditional posterior distributions 
of parameters (Hoeschele et al., 1997; Hoeschele, 2001). This is done by combining 
prior distributions with the likelihood of the data (the sampling model) through Bayes' 
theorem in order to obtain the posterior distribution of any parameter of interest, such 
as the number of QTL. Rather than using approximations to posterior distributions, 
the MCMC methods facilitates the implementation of exact Bayesian models of high 
dimensionality (Sillanpaa and Arjas, 1998, 1999; Hoeschele et al., 1997; Shoemaker 
et al., 1999; Sillanpäa and Corander, 2002). 
It is not clear why in many QTh mapping analysis environmental effects are not 
included explicitly in the model used for analysis (see for example, experiments with 
various objectives e.g. de Koning et al., 1999; Bidanel et al., 2001; Hawthorne and 
Via, 2001; Maliepaard et al., 2001). One usual practice is to first adjust phenotypic 
observations for environmental factors and then carry out the QTL analysis, either 
with maximum likelihood or least squares (Basten et al., 2002). This practice would 
be critical when many fixed effects need to be included in order to increase power 
to detect the QTL, by controlling residual variation. A preliminary analysis (V. Mar-
tinez data not shown) using the least squares method to map QTL without including 
environmental covariables showed that power to detect the QTL was reduced when 
environmental effects were omitted from the model. More importantly, irrespective of 
the actual magnitude of the environmental effect simulated, on average similar power 
was observed (for the same magnitude of the QTL) when the environmental effects are 
included jointly in the analysis (data not shown). 
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Due to the great biological flexibility of many fish species, different breeding de-
signs that are not available in farm animals can be carried out using chromosomal 
manipulations. Successive rounds of androgenesis can produce completely homozy-
gous clonal lines. These clonal lines can be crossed to obtain F1 parents and a double 
haploid mapping population can then be obtained using another round of androgene-
sis. Added power for QTL detection can be. gained from using clonal lines that differ 
widely for the trait under consideration. 
The objective of the present study is to obtain the posterior distribution of all the 
parameters of interest in the QTL mapping problem, such as number, location and ef-
fect of the QTL in a double haploid population. In order to accomplish this general 
objective we use a Bayesian mapping approach to obtain posterior samples of all these 
unknowns given the data and the prior distribution (Sillanpaa and Arjas, 1998, 1999). 
We developed further a Bayesian model incorporating environmental cofactors, which 
are sampled jointly with all the other unknown parameters under a block-multivariate 
updating scheme using the Metropolis-Hastings algorithm (Hoeschele et al., 1997; 
Sorensen, 2001; Tanner, 1998; Sillanpää and Arjas, 1998, 1999). A variable model 
dimension framework is implemented for the number of QTL by using the reversible 
jump MCMC algorithm (Green, 1995; Sillanpaa and Arjas, 1998, 1999). To illustrate 
this procedure, we first use a simulation of a double haploid population incorporating 
fixed effects and then we analyse a mapping population derived from crosses between 
clonal lines of rainbow trout that differ in the rate of early development. These lines 
have previously been analysed using QTL Cartographer without incorporating envi-
ronmental cofactors (Basten et al., 2002; Robison et al., 2001). 
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3.2 Material and methods 
3.2.1 Implementing the Bayesian method for the double haploid 
design with environmental effects 
We are concentrating here on the analysis of the double haploid design as obtained 
from a cross between clonal lines. It is assumed that the trait follows a normal dis-
tribution and the marker map known, but with missing genotypes. The notation used 
throughout is: phenotype vector for the quantitative trait (y), number of individuals 
(NIND) the number of QTL (NQTL), the number of genotypes (NGEN = 2, for the two 
homozygous classes in the double haploid design), QTL genotype matrix (x) i.e. the 
QTL genotype of all individuals obtained from the current location sampled, genotypic 
effects of QTL (bqj for j1h  genotype of QTL q) and of background controls (Ckj for 
jth 
genotype of background control k, which are included in the model to control variation 
of QTL in other linkage groups (Zeng, 1994; Jansen, 1993). Under this setting, the fol-
lowing over-parameterised regression model is used to explain the observed variation: 
NQTL Ngen 	 Nk Ngen 
y = X'B 1 + 	bqj l {xq,=aj}  + E 	Ckjl{X.ci} + e. 
q=l j=1 	 k=1 j=1 
Here '-{xqi=ctj}  are i{xa} are indicator variables, such that they take values of 
one when the individual i is of genotype c, and zero otherwise (cf. Sillanpää and 
Arjas 1998). 
In a Bayesian setting a set of parameters is treated as a set of unknown variables 
following a certain prior distribution. Bayes' theorem enable us to combine the infor- 
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mation from the prior distribution with the likelihood of the data in order to obtain a 
posterior distribution, from which it is possible to draw inferences about all the param-
eters of interest. Following Sillanpää and Arjas (1998), the full conditional distribution 
of 9 (the vector of all the unknowns) can be expressed as: 
= p(y I O,G,X0 ,m)p(O I m)  p(O y,G,X0,m) 	
p(y 7 G,X0  I m) 
where G are the observed marker genotypes in the linkage group under analysis, X 0 is 
the observed marker information in other chromosomes, m is the marker map providing 
information on the recombination fraction between markers, and all the other terms 
are as before. Under a set of reasonable (conditional) independence assumptions about 
the variables in the prior density (p(9m)), and using indicator variables to indicate 
whether the complete genotypes (G*, X) are consistent with the observed genotypes 
(G, X0) the fully conditional posterior distribution is then proportional to: 
p(e I y,G,X 0 ,nz) oc p(9m)p(y,G,Xo, 19,m) oc p(9rn)p(y I9,m)1( G* G,X x0) (3.2) 
where i(G G,X x0 ) are indicator variables, denoting consistency (following mendelian 
inheritance) between the complete (G*) and the observed genotype configuration. 




1 NQTL 2 
- (X'B, + 	bqjl {x=a} + 
q=l jl 
Nbc 2 
Ckf 1 {Xaj })) 2]. 
k=Ij=1 
All the unknown parameters are sampled with the Metropolis-Hastings algorithm, 
using the random-walk approach (Chib and Greenberg, 1995; Richardson and Spiegel- 
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halter, 1996). Using this algorithm, a proposal for the current parameter is drawn from 
a symmetric uniform density around the current value (x ± p). The value of p  is chosen 
such that the acceptance rate enables sufficient mixing of the chain (Chib and Green-
berg, 1995; Richardson and Spiegethalter, 1996) in order to achieve convergence to the 
stationary distribution. We use in our development of this Bayesian model indepen-
dent bounded uniform distributions for all parameters in order to diminish as much as 
possible the influence of the priors on the posterior distribution and to ensure that the 
posterior distribution is proper. The candidate value within the prior range is accepted 
with probability Min(1,L,/L 01d), where L, stands for the likelihood of the data 
evaluated using the new proposal and L01d  is the likelihood evaluated using the current 
value of the parameter. Note that this probability of acceptance does not incorporate 
the ratio of proposal densities, because these two terms cancel out from the Hastings 
ratio when using the random-walk approach (Tanner, 1998). Block updating of a set 
of parameters can be used to improve the mixing of the chain when highly correlated 
variables are sampled (Sorensen, 2001; Richardson and Spiegelhalter, 1996). In this 
algorithm, intercept, residual variance, and covariate effect coefficients are updated as 
a single block and a proposal is generated by sampling new values for each parame-
ter by using uniform symmetric distributions around the current values, as described 
above. Additionally, all the QTL and background control effect coefficients are up-
dated together as a single block. Using the random-walk approach, proposals for these 
parameters are also generated. In every iteration, the QTL location is updated using the 
ratio of the conditional probabilities of a QTL genotype given flanking objects (mark-
ers or QTL) and given the proposal value of location. For the number of QTL, the prior 
distribution used was a truncated Poisson with mean 2 (before truncation) and maxi-
mum 3. As we shall see later the information from the likelihood of the data was high 
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enough to overcome the prior knowledge given by the shape of the truncated Poisson 
prior used. This has also been noted in other Bayesian applications, where the posterior 
probability of a model (with a certain number of QTL) was relatively insensitive to the 
choice of either the prior distribution or the shape of the Poisson prior used (Lee and 
Thomas, 2000). The number of QTL is updated in each iteration by changing the di-
mension of the model, allowing for reversible jumps in the number of QTL fitted. This 
algorithm is an extension of the Metropolis-Hastings algorithm, where the acceptance 
probabilities are of the form Mint 1 , (posterior ratio)x (proposal ratio) x (Jacobian of 
the transformation)]. In this case the Jacobian is equal to 1, since none of the existing 
parameters is adjusted for the move (Hoeschele, 2001). The moves between models are 
carried out by adding (with probability Pa),  deleting (with probability Pd)  or modifying 
the location of an existing QTL (PmlPaPd) in each iteration. When considering the 
addition of a new QTL, the new QTL location is sampled from the uniform density on 
the length of the chromosome and the QTL genotypes are sampled given the flanking 
objects (markers or QTL) and the location of the new QTL. The regression coefficients 
are sampled from their priors. The probability of acceptance for the added step has 
been derived previously (see appendix of Sillanpää and Arjas (1998) and also Yi and 
Xu (2000)) as: 
L 	________ Pd 	 (3.3) mm 1,—x 	 x- 
L0,d (NTL + 1)2 Pa 
where, A is the mean value at the Poisson prior of the number of QTL, L stands for the 
likelihood p (y 1 0, m), which is evaluated using the proposal values of parameters of the 
new QTL and the existing parameters (L,), or using the current values of parameters 
(L01d). The last term cancels out, since equal probabilities are assumed for either step 
(deleting or adding). Deleting a QTL follows a similar procedure, where the deletion 
of all the existing QTL has equal probability. A more detailed explanation of the 
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reversible jump implemented for QTh mapping can be found in Sillanpää and Arjas 
(1 998),Sillanpaä and Arjas (1 999),Sorensen (2001),Hoeschele (2001 ),Waagepetersen 
and Sorensen (2001). 
3.3 Posterior distributions and QTL intensity: a simu-
lation example 
In this section a simulation example is presented and analysed using the Bayesian 
method to look at the behaviour of the sampler. A population of 300 DH individuals 
was simulated comprising one linkage group of 100 cM (under no interference) with 
two QTL at positions (27 and 77 cM) with additive values for the first and second QTL 
equal to a=-0.32 and a=0.39. Eleven markers were simulated at every ten cM. A fixed 
effect model was simulated following an unbalanced design, where at random a real-
ized value of 32% of the observations of the simulated data set were added an effect 
with a value of 0.5 and 68% -0.5 to the phenotype. Five linkage groups with two linked 
markers were included to mimic the presence of background genetic variation. Based 
on a preliminary analysis based on a standard stepwise regression (implemented us-
ing forward and backward elimination, as implemented in QTL cartographer) a single 
marker was included as a marker cofactor. The full Bayesian analysis was performed 
including the fixed effect as an unknown parameter in the model. The priors were uni-
form in the range [3;-3] for the fixed effect and the intercept, [0;0.89] for a, and [-1;1] 
for the regression coefficients of the QTL and background controls. After a series of 
preliminary runs in order to achieve an adequate degree of mixing of the chains, the 
final values of p  used in the random-walk approach were equal to 1.0 for location, 0.3 
for intercept and fixed effect, 0.5 for (Ye , and 0.2 for the regression coefficients of QTL 
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and background effects. 
One of the most informative summary statistics is the posterior probability of the 
number of QTL segregating in the linkage group being analysed. Using the reversible 
jump MCMC algorithm, we obtained the posterior probability of a model given the 
data, and these results can be readily interpreted as the posterior probability of linkage 
(of a model with at least a single QTL segregating). The results of the simulation ex-
ample gave strong indication that there is a high probability of a model with two QTL, 
giving a posterior probability 8 times higher (P(NQTL = 21data)=0.83) than either the 
posterior probability of a model with 0, 1 or 3 QTL. This result is consistent with the 
simulated number of QTL. Note that in this example there has been a notable shift from 
the Poisson prior distribution used (P(NQTL = 21data)= 0.32), and the probability of 3 
QTL sharply decreases in the posterior. For thoroughness, we analysed the same data 
set but permuting markers with phenotypes in order to break the original association 
between markers and QTLt0 see to what extent the prior distribution of the number of 
QTL was overcome by the data on the posterior distribution of the number of QTL. We 
have found that the posterior probability of 0 QTL was increased substantially com-
pare to the prior (from 0.16 to 0.76), and the posterior probability of at least one QTL 
decreased substantially (from 0.85 to 0.24). In essence, this is consistent with what has 
been found previously (Sillanpaä and Arjas, 1998; Lee and Thomas, 2000, and also see 
below). 
At every iteration, a "new" QTL is accepted (or rejected) when applying the re-
versible jump algorithm and therefore we cannot keep track of any "particular" QTL. 
This means that the location of a particular QTL is irrelevant. Instead, the location of 
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the QTL in the chromosome is obtained as the proportion of times in which one (or 
more) QTL is assigned to a particular interval: this is the so-called "QTL intensity". 
This is not a posterior distribution of locations of the QTL; rather it is the posterior 
probability that a QTL is located in each particular interval (of a certain length), which 
is in fact a model-average estimate of location in the linkage group (across the num-
ber of QTL (Sillanpää and Corander, 2002). The QTL intensity as obtained from the 
analysis with or without the fixed effect fitted QTL is presented in Figure 3.1.a. We 
have found that the estimates of position were little influenced by inclusion of fixed 
effects in this data set, i.e. the most likely positions of the two QTL are very similar 
whether or not the fixed effect was included in the model. This is coupled with the 
fact that the posterior probability of at least 2 QTL, with or without the fixed effect in 
the model was equal to 0.99. However, the shape of the QTL intensity obtained when 
no fixed effect was fitted was more widely distributed around the simulated location of 
both QTL as compared with the model in which the fixed effect was included in the 
model (Figure 3.1.a). The estimates of the posterior distribution of QTL effects along 
the linkage group (Mean, Median and 95 percent credible regions) were very similar 
to the simulated values (Figure 3.1.b). Note that posterior estimates of QTL effects are 
only reliable in regions of high posterior QTL intensity. 
For comparison, the simulated data set was analyzed using the standard least squares 
method to map QTL. Figure 3.2.a shows various statistics from this analysis. First, a 
simple one-dimensional search is performed, regressing conditional probabilities of 
QTL genotypes along the linkage group on phenotypes. This analysis gave the best 
two positions at 30 and 82 cM. Including the fixed effect in the analysis gave a likeli-
hood ratio test almost 50than the model in which only no fixed effect was fitted. The 
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Figure 3.1: Posterior estimates from the Bayesian analysis. (a) Posterior QTL intensi-
ties, including or not the environmental effect. (b) Point estimates (mean, median, 95% 
credible region (0.025 and 0.975 quantiles of the corresponding posterior distribution)) 
of the distribution of QTL effects along the simulated linkage group (model including 
fixed effects). The symbol asterisk (*) indicate the simulated position of the QTL and 
BAYESIAN-ENV and BAYESIAN stands for a model with or without the fixed effect. 
a 
0.18 












I --- 	-, "--'r 
.1 	 40 0 20 	* 30 	




0.025 quantde ........ 














Chapter 3. Bayesian Mapping of Double Haploid Populations 	 49 
QTL effects were underestimated under this analysis by about 50%. A second analysis 
was carried out using the conditional probabilities at the best two positions (as obtained 
from the previous analysis). Note here that two clear peaks have been found in the sim-
ulated data set. For this reason, fitting in the first analysis position 30 and in a second 
analysis position 82 as cofactors gave improved resolution, with the greatest benefit 
realized when including the fixed effect in the model (Figure 3.2.a). Estimates of po-
sition and effect obtained form these two analysis were very similar to those obtained 
from the Bayesian analysis and consistent with the two-dimensional search under the 
hypothesis of two QTL versus one (as shown in Figure 3.2.b). 
Figure 3.3 presents the posterior distributions of the intercept, contrast between the 
two levels of the environmental effect (be) and residual variance (Ye . In all cases, the 
shape of the distribution was quite symmetrically distributed around the mean. The 
estimates of the mean from the posterior distributions, especially for the contrast of the 
levels of the fixed effects, were very similar to the simulated values. 
3.3.1 Double haploid mapping population of rainbow trout 
The double haploid mapping population was developed at the Washington State Uni-
versity (Pullman) from an all male (XY) F1 population obtained using crosses between 
two clonal lines that differed in the average time at hatching. The clonal lines were 
formed by two successive generations of androgenesis (Figure 3.4, Martinez et al., 
2002b). In the first generation parents were sampled from the outbred population in 
order to produce recombinant inbred progeny, from which males or females are se-
lected to form the clonal lines. A second generation of androgenesis or gynogenesis 
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Figure 3.2: Likelihood ratio test (LRT) statistics obtained under the various regres-
sion models using the simulated data. (a) One-dimensional search: first fitting marker 
cofactors in other linkage groups only and then using "virtual markers" in the same 
linkage group at the best positions as obtained from a previous interval mapping anal-
ysis. Model 0 is interval mapping. Model I includes "virtual-marker" position 82 cM; 
Model II includes "virtual-marker" position 30 cM; ENV stands for fitting the envi-
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Figure 3.3: Posterior distributions of QTL parameters, environmental variance (a), 
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(the expected sex ratio of androgenetic progeny is equal to 50% for males and females, 
since males are heterogametic), was used to produce the clonal lines that were raised 
in the laboratory. From this set of clones, two lines were selected in order to produce 
the F1 population (Robison et al., 1999). The first is an all male line derived from a 
natural population from Alaska (YY-SW) and the second is an all female (YX-OSU) 
line obtained from a domesticated strain developed in the Oregon state University (Ro-
bison et al., 1999). These clonal lines show divergent hatching times in the laboratory, 
with the Swanson river line showing accelerated early development. The isogenicity of 
these clonal lines has been confirmed using fingerprinting (Robison et al., 1999). The 
sperm of these F1 individuals was used to obtain 2 groups of androgenetic rainbow 
trout (group 1 n=57, group 2 n=149) that were raised at slight different temperature 
(10.4 versus 11.6,'C). Successful androgenesis from an F1 parent resulted in diploid 
organisms that contain two sets of identical paternal chromosomes with an equal pro-
portion of male and female individuals. 
Three traits related to early development were examined: time at hatching mea-
sured in hours (TTH; mean 705.6 SD = 76.8), embryonic length (LEN; mean 63.0 
mm SD = 19.8) and weight (WEI: mean 20.2 mg, SD = 2.5). The marker map com-
prised a total of 27 linkage groups, spanning 974.6 cM (about 40% of the rainbow 
trait genome), obtained from segregation of 222 AFLP markers (see appendix B). The 
mean distance between markers in the linkage groups was about 8 cM, with 10 cM 
standard deviation. A more detailed outline of the procedure to produce the AFLP 
marker map is presented by Robison, et al. (2001), and power-related issues regarding 
double haploid individuals were discussed by Martinez et al. (2002a). 
An initial analysis using stepwise regression (performing the forward and back- 
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Figure 3.4: Schematic representation of the formation of the clonal lines and hence the 
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ward regression analysis as implemented in QTL cartographer with P(in) and P(out) 
both equal to 0.05 '). This procedure revealed 6 linkage groups showing associa-
tion between markers and phenotypes. These groups were selected for further anal-
ysis using the Bayesian method, and these markers were used as cofactors to control 
background genetic variation in linkage groups other than the one currently analysed. 
During incubation, development may be disrupted giving rise to the presence of mild 
deformities. A preliminary analysis showed that including (and using the presence of 
deformities as a fixed effect in the analysis) or excluding these individuals in the anal-
ysis of length gave very similar results in terms of position of the QTL in the linkage 
groups pre-selected, but the likelihood ratio test scores at the most likely position were 
much lower when individuals were discarded. The slight increase in environmental 
temperature between the groups also produced a significant effect in TTH. For these 
reasons, in the final analysis the presence of deformities and temperature at incubation 
were used as an environmental covariate for LEN and TTH, respectively. The range 
of proposal distributions were specified after several preliminary test runs in each of 
the linkage groups analysed. For the final analysis, proposals giving adequate mixing 
of the chains were used to run a single long chain (1x10 6). The range of the prior 
distributions for the different traits are presented in Table 3.1. 
'The method (FP) is to start with forward stepwise regression, but only keep adding markers while 
the p-value of the partial F statistic of the marker to be added is below a defined threshold, p(in). When 
a step is reached in which no more markers can be added, all of the markers are retested to see if they 
are still significant. Each marker in turn is deleted from the model, a p-value is calculated for the partial 
F-statistic, and if the p-value is greater than a specified level p(out), it is deleted 
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Table 3.1: Prior uniform distributions used in the analysis of TTH, LEN and WEI 
Trait 
Parameter TM LEN NMI 
Intercept U(_500 ,500) U(_ io, io) U(_so,so) 
U(0 ,2000) U(o,o . $) U(0 , 387) 
QTL coefficients U(_ ioo, ioo) U(_ io, io) U(_20,20) 
BG coefficients U(_ ioo,ioo) U(_ io, i o) U( 20 ,20) 
Location U(0, 120) U(0.0, 120) U(0.0, 120) 
3.4 Results 
3.4.1 Mixing properties of the chain 
For different traits and chromosomes, we performed a series of exploratory analyses 
in order to find suitable ranges of the proposal distributions. This is paramount for 
obtaining adequate mixing properties of the sampler. The mixing was monitored by 
visually inspecting the sample paths of different parameters and using the cumulative 
occupancy posterior probabilitities of a model with 0, 1, 2 or 3 QTL to monitor con-
vergence of the number of QTL (Heath, 1997; Uimari and Sillanpäa, 2001). After this 
tuning stage, the MCMC sampler was able to move well across the entire parameter 
space of the number of QTL. Figures 3.5.a and c present an example of the sample 
paths for TT'H and LEN on linkage group V. Changes between a single and a two QTL 
model were more regular than visits to the model of zero or 3 QTL Based on the cu-
mulative occupancy probabilities, it was apparent that, after an initial period where the 
cumulative probability of a no QTL model was as likely as the probability of a single 
QTL model, this state moves rapidly towards a model in which a single QTL is many 
times more likely than a model in which there is no QTL (Figure 3.5.b). A similar 
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Figure 3.5: Sample paths (a, c) and cumulative occupancy probabilities (b, d) of the number of QTL obtained from linkage 
group V for TT'H (a, b) and LEN (c, d) 
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The same behaviour was seen for other parameters in the model. It was clear that, 
after the tuning stage, the values of the proposal values enable enough mixing to ob-
tain posterior distributions that converge to a stationary distribution. It is necessary to 
point out that the value of the proposal for the QTL effect was the most important to 
tune in order to obtain adequate mixing of the chains. Acceptance rates for most of the 
parameters were in between 0.23 and 0.50. Furthermore, we ran a single long chain 
for the different linkage groups analyzed. Features of the posterior distributions can 
be analysed using standard measures of convergence such as Geweke (1992). The idea 
of this method relies upon the fact that if the chain is stationary then the mean of the 
first part of the chain should be similar to the last part of the chain. The Z statistic is 
calculated as the difference between the two means divided by the asymptotic standard 
error, where the variance is obtained in a way such that the correlation between sam-
ples is accounted for, using spectral density estimation (Geweke, 1992; Tanner, 1998; 
Smith, 2003). An example of the behaviour of the Markov Chain for the QTL effect 
is presented in Figure 3.6 for embryonic length and time at hatching. The trace plot 
shows that the chain moves quickly into the region where the posterior mass was found 
for the QTL effect in linkage group V. The Geweke convergence diagnostic shows that 
there is no difference between the mean between the first 10% and the last 50% of the 
observations of the chain with a Z value of 1.4 (p = 0.16). The same was found for 
time at hatching in the same linkage group (Z = 0.91; p= 0.36). 
3.4.2 Posterior distribution of environmental QTL parameters 
In general, features of the distribution of the contrast of the two levels of the environ-
mental effects were quite similar for all the linkage groups, irrespective of whether 
there was evidence of linkage or not. The posterior distributions overlap substantially, 
Chapter 3. Bayesian Mapping of Double Haploid Populations 	 58 
Figure 3.6: Trace plots of QTL effects for time at hatching (TFH) and embryonic 
length (LEN) in linkage group V 
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Table 3.2: Posterior estimates of the mean, variance (a 2) and 95% credible regions 
(95% CR) for the environmental regression coefficients fitted (be) and residual variance 
(at) of time at hatching (TH) and embryonic length (LEN) and weight (WEI) 
Mean (be) a2 (be) 95% CR (be) Mean (at) & (at) 95% CR ((Yt) 
LG-IV -90 39 [-105 	-77 1 1294 25790 [973 ; 1667 1 
LG-V -94 38 [-107;-791 1226 31840 [892;1629] 
LG-Xll -95 36 [-108;-81] 1169 23849 [862;1503] 
LG-XV -99 56 [-114;-81] 1001 37662 [836;1434] 
LEN 
Mean (be) a2 (be) 95% CR (be) Mean ((yt ) a2 (at)  95% CR (at) 
LG-V -2.72 0.09 [-3.34 ; -2.21 1 2.79 0.11 [2.14; 3.561 
LG-XI -2.62 0.09 [-3.28 ; -2.02 1 3.06 0.10 [2.48; 3.78 1 
LG-Xll -2.64 0.09 [-3.32 ; -2.01] 2.89 0.13 [2.18 ; 3.641 
WE!  
Mean (be) a2 (be) 95% CR (be) Mean ((Yt) a2 (at)  95% CR (at) 
LG-VI 	19.7 7.5 [14.1; 25.91 256 988 [200; 3281 
LG-X 20.0 6.7 [14.8;25.61 251 784 [199;314] 
LG-XV 	20.4 6.2 [15.3 ; 25.7 ] 229 713 [183 ; 293 ] 
as shown on Table 3.2. For TTH the slight change in temperature between the two 
groups decreased the time of hatching greatly, with a posterior mean for the contrast 
overall linkage groups equal to 94.4 hours. As expected, the presence of deformities 
decreases the length of the fry; the estimated posterior mean of the contrast between 
the two levels of these effects is about -2.65 mm. There was only a slight increase in 
the posterior mean of the residual standard deviation, in cases where the linkage group 
does not show evidence of linkage and a small decrease when there was evidence of 
linkage. 
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3.4.3 Posterior probability of model parameters: number of QTL 
The posterior probabilities of a model of different numbers of QTL given the data in 
the linkage groups selected for analysis, using the stepwise regression, are presented in 
Table 3.3 for the three traits analyzed. These posterior distributions summarized all the 
information regarding QTL activity in the linkage groups. The posterior distribution 
of number of QTL can be interpreted directly as the posterior probability of linkage of 
a model in which at least a single QTL or zero QTL (no linkage) is simulated in the re-
versible jump MCMC algorithm. There is strong evidence of a single QTL segregating 
in linkage groups V and XII, for TTH and LEN. Evidence for single QTL influencing 
WET was much weaker in linkage group XV, but still for linkage group X a single QTL 
model double the probability of no QTL. For TTH the posterior distribution in linkage 
group XV gave evidence that two QTL are five (or more) times more likely than 0, 1 
or 3 QTL. The same was found for linkage group VI for WET. As we will show later 
these QTL appear to be isolated, with no evidence of QTL activity in adjacent intervals 
surrounded the two QTL (Whittaker et al., 1996). 
The posterior probabilities of no QTL for TTh were high in other linkage groups 
apart from group IX. In this linkage group, the probability of a single QTL is equal 
to 0.65, three times the value for no-QTL (Table 3.3). However, this result should be 
interpreted with caution since the QTL intensity was bimodal with two peaks at mark-
ers position 82 and 86 (results not shown). In addition, 95% credible regions overlap 
0 (Mean (SD) -7.4 (8.5); median -7.5; 95% CR -25.44; 11.17). The most parsimo-
nious interpretation of these results is that there is not sufficient information in the data 
for the posterior probability to accurately summarize the underlying process. This is 
further consistent with the fact that the mean estimate of the posterior distribution of 
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Table 3.3: Posterior probability of number of QTL (NQTL) given the data in the differ-
ent linkage groups (LG). 
Trait 	Number of QTh LG 
Prior V IX XI XII XV 
0 0.160 0.101 0.802 0.862 0.010 0.873 
1 0.320 0.869 0.192 0.134 0.912 0.119 
LEN 	2 0.320 0.031 0.006 0.004 0.078 0.008 
3 0.210 0.000 0.000 0.000 0.000 0.000 
E(NQTL I data) 1.59 0.93 0.20 0.14 1.07 0.13 
Prior V IX XI XII XV 
0 0.160 0.205 0.205 0.568 0.000 0.000 
1 0.320 0.905 0.656 0.242 0.968 0.159 
TTII 	2 0.320 0.064 0.137 0.173 0.032 0.809 
3 0.210 0.003 0.002 0.018 0.000 0.031 
E(NQTL I data) 1.59 1.04 0.94 0.64 1.03 1.87 
Prior V VI X XI XV 
0 	- 0.160 0.521 0.085 0.277 0.649 0.352 
1 0.320 0.301 0.095 0.640 0.222 0.513 
WE! 	2 0.320 0.148 0.713 0.077 0.127 0.127 
3 0.210 0.030 0.107 0.005 0.009 0.009 
E(NQTL I data) 1.59 0.69 1.84 0.81 0.50 0.79 
the QTL effect is a third of the mean value obtained in other linkage groups for TTH. 
A larger sample size would be needed in order to the data be informative enough to 
confirm this preliminary finding. 
3.4.4 Locations of putative QTL on linkage groups 
The QTL were located using the posterior QTL intensity for those linkage groups that 
show a high posterior probability of at least one QTL segregating (Figure 3.7). Note 
that there is a broad area in which the QTL may reside for T1'H in LG-V. This may be 
due to the fact the marker bracket in which the QTh was located is rather large (about 
50 cM) so that there may not be enough information to precisely locate this QTL. The 
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most likely position is at 107.8 cM between the marker positioned at 67.8 cM and the 
right telomeric marker of this linkage group. In the same linkage group, the most likely 
position of the QTL for LEN was found at position 20.8 cM, almost in the middle of 
the second interval (about 53 percent of all the hits were found in this interval). About 
33% of all the iterations in which there was at least a single QTL sampled fall in the 
same interval as found for TTH. This may suggest that there may two linked QTL in-
fluencing LEN and TTH in this linkage group, and a second with pleiotropic effects 
on TTH and LEN at the right end of the chromosome. However, no evidence of more 
than a single QTL for LEN and TTH was obtained in the present analysis (see Table 
3.3). 
The most likely positions for the QTL for LEN and TI'H on linkage group XII 
were very similar. The most likely positions in this linkage group are equal to 14.9 and 
10.7 cM, respectively (Figure 3.7). The QTL intensities overlap substantially, in spite 
of the fact that the QTL intensity for LEN was much more peaked. This suggest that 
the effects of these two QTL could arise from a single pleiotropic QTL (see Figure 3.7). 
On linkage group XV, the posterior probability of the number of QTL was sharply 
centered at two QTL. This finding is consistent with what is obtained for the QTL in-
tensity in this linkage group. Two modes were found at marker positions, 36.7 and 75.5 
cM on linkage group XV. Note that the posterior QTL intensities were very peaked, 
presumably due to the fact that at marker positions there is more information to detect 
a QTL when it is completely linked with the marker. Note that the QTL intensity is 
multi-modal in the region between 23 and 45 cM. In general, some discontinuity in 
the posterior QTL intensity can be observed at marker positions when the QTL is not 
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completely linked with the marker as can be shown previously (Bink et al., 2000; Hoti 
et al., 2002). Note that, when using the Bayesian method there is not the bias expected 
towards markers as found when using the bootstrapping method in cases where the 
power of detecting the QTL is low (Yi and Xu, 1999). In our analysis, the posterior 
QTL intensity fall sharply at the position where the next marker to the left is situated 
in this linkage group. 
Note that in spite of the fact that on linkage group X the posterior expectation of the 
number was near 1, with a posterior probability of a single QTL double the probability 
of no-QTL, the posterior QTL intensity was quite inaccurate since two modes were 
obtained at the position where the sixth and the seventh markers are located (Figure 
3.7). 
3.4.5 Posterior distributions of QTL effects 
The posterior distribution of the QTL effects was estimated only for those regions that 
show a high QTL intensity, conditional on the interval of 1 cM around the peak of the 
QTL intensity, i.e. in the more informative areas of the linkage groups (Figure 3.8). 
Note however that in practice, the posterior distributions differ little whether or not the 
information from all the linkage groups was used or not. Henceforth, the point esti-
mate of the posterior distribution of additive QTL effects was calculated as the mean 
of the difference between the homozygous effects from the SW river line and the OSU 
line. In general, there was sharp posterior information for QTL effects, and the distri-
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Figure 3.7: Posterior QTL intensities on linkage groups showing a high posterior prob-
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The putative QTL detected for TFH explained in total about 40% of the observed 
variance and these QTL explain most of the difference between the two clonal lines 
(which was about 2.5 standard deviations, calculated from results of Robison et al., 
1999). In linkage group XV, the evidence is that the point estimates of the posterior 
distribution of QTL effects have opposite effects, one with negative sign, decreasing 
the hatching time (as calculated form the first mode of the QTL intensity at position 
36.7) and the other of similar magnitude but with positive sign (i.e. it is likely that the 
QTL were in repulsion in the F1 population). 
About 18 percent of the total variance is explained by the effects as obtained from 
linkage group V and XII for LEN. The point estimates have the same sign and explain 
a relatively similar percentage of the observed variance. All the estimates obtained 
from WEI in linkage group VI and X have all very similar posterior means (around 
5 mg) explaining overall around 20% of the phenotypic variance. The two telomeric 
QTL in linkage VI have opposite sign suggesting that both were in repulsion in the F1. 
3.5 Discussion 
The objective of the present study is to obtain posterior evidence of segregation of QTL 
in a double haploid mapping population. We use a modification extending the Bayesian 
model of Sillanpää and Arjas (1998) to incorporate all the environmental data available 
in the experiment in order to obtain the posterior distribution of the number of QTL, 
environmental effects, locations and effects of the different QTL that are segregating. 
We use a population derived from clonal lines that diverge in early development rate 
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Figure 3.8: Posterior distribution of QTL effects conditional on the centiMorgan where 
the mode of the posterior QTL intensity was observed. The smooth curves were ob-
tained from the normal distribution using the posterior estimates of the -mean and the 
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that has been previously analysed using QTL Cartographer. We have found evidence 
of segregation of 4 QTL for TTH, with two linked QTL, two unlinked QTL for LEN 
and 3 QTL influencing WE!. In this analysis, we have obtained further evidence of 
multiple QTL segregating for the different traits examined. From an evolutionary per-
spective the study of early development in natural populations is of importance, since 
these traits are related to emergence from the stream gravel, which is a milestone of 
the population dynamics of many salmonid species. Previous work has only use phe-
notypes to study the genetics of these traits. This study show that there is evidence of 
major genes segregating, which explain a large proportion of the observed differences 
between the clonal lines formed from populations that differ in their development rate. 
We have used a simple genetic model for QTL detection in which only additive 
effects are considered. More complex models such as those involving interaction 
between QTL can also be implemented. However, this would require analysing the 
genome as a whole in order to allow interactions between QTL in different linkage 
groups. Recently, Yi and Xu (2002) developed a Bayesian model in which pair-wise 
interactions within a single linkage group are always sampled for the epistatic model 
when at least two QTL are accepted in the linkage group and inferences about QTL 
effects were carried out by inspecting the posterior distributions. An optimal strategy 
that deserves further investigation would be to include the epistatic effect as a variable 
in the model and apply a reversible jump algorithm. 
We have used AFLP markers in order to perform QTL analysis. The main advan-
tage of using the AFLP technique is that it does not require previous knowledge of the 
DNA sequence, generates fingerprinting profiles that can be reproduced and allows the 
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amplification of a high number of DNA fragments per reaction, and thus enabling the 
detection of specific amplified fragments (Alves et at., 2002). However, because they 
can only be scored as presence or absence, their utilization in other type of designs, 
such as the F2 or four way crosses or outbred populations requires modification of the 
algorithms used for QTL mapping analysis (Gessler and Xu, 1999). 
The use of double haploids for detecting QTL, providing that the clonal lines are 
available, has been shown to be much more efficient compared to the standard F2 de-
sign (Chapter 2). The increase in power is due to the large increase in the genetic 
variance in the double haploid population, which is the double that expected in the 
F2. This is due to the redistribution of the genotype frequencies in the double haploid 
population compared to the F2. One disadvantage however, is that it is not possible 
to estimate other important sources of genetic variation such as dominance. Another 
possible complication is the presence of segregation distortion. Associations between 
markers and deleterious mutations are the most likely cause of this observation. In our 
experiment, severely deleterious mutations are likely to be eliminated when forming 
the clonal lines. For this reason we found no evidence of segregation distortion in the 
linkage groups under analysis (data not shown). This type of design can be used to 
map viability genes (Ritland, 1996; Vogl and Xu, 2000) and it is expected that this 
analysis would have more power than classical designs used to study deleterious muta-
tions (McCune et at., 2002). In the long term, the clonal populations produced through 
androgenesis may provide a unique source for studies related to accumulation of dele-
terious mutations in absence of recombination (Guex et al., 2002). A related approach 
has been used successfully for mapping viability genes in the carp (Patti et al., 2002). 
Chapter 4 
On The Use Of Double Haploids For 
Detecting QTL In Outbred Populations 
4.1 Introduction 
The great biological flexibility of fish enables the utilisation of different breeding de-
signs that can be implemented relatively easily in practice. Completely homozygous 
fish can be produced in only one generation using chromosomal set manipulations, 
without the many generations of inbreeding needed in other vertebrates. These ma-
nipulations enable doubling the chromosomes of a haploid gamete (Streisinger et al., 
1981; Thorgaard, 1992; Young et al., 1996; Corley-Smith et al., 1996). Gynogenetic 
double haploid individuals can be obtained by activating the gametes of females with 
gamma irradiated sperm, yielding haploid eggs containing only maternal chromosomes 
(see Figure 1.1). Diploidy is restored using methods that suppress the first mitotic 
division (Streisinger et al., 1981). Androgenetic double haploid individuals can be 
produced in a similar way by activating eggs irradiated with gamma rays with nor- 
ZE 
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mal sperm (Young et al., 1998; Corley-Smith et al., 1996). Isogenic lines (clonal lines) 
could be obtained by reproducing these double haploid individuals using the same tech-
niques as described previously (in which case, completely homozygous clonal lines 
could be obtained from a single individual) or through crosses with sex reversed double 
haploid individuals (Young et al., 1996). Double haploid lines derived from F1 lines of 
this form have been utilised to perform QTL analysis for embryonic development rate 
in rainbow trout (Robison et al., 2001). This may not be the optimal use of double hap-
bid lines, however, since forming the clonal lines is expensive and time consuming in 
species with a long generation interval. This is a particular problem when the objective 
is to implement these procedures for QTL mapping in a practical breeding programme. 
The use of double haploid individuals for QTL analysis has been studied in the 
context of selfing populations of plants (Jensen, 1989; Knapp et al., 1990). The basic 
framework comprises the utilisation of gametes from F1 individuals that are chemi-
cally treated to double the chromosome number (Luo and Kearsey, 1991; Lynch and 
Walsh, 1997). In this type of population, all F1 parents have identical genotypes, with 
the same linkage phase, and so all the double haploid individuals are completely infor-
mative and linkage disequilibrium is maximal (Lynch and Walsh, 1997). 
In this Chapter we investigate the use of chromosomal manipulations to obtain dou-
ble haploid individuals from parents sampled directly from an outbred population. The 
mapping population can be obtained in a relatively short period of time, without the 
need to first produce the clonal lines and the F1 population. Unlike the double haploids 
from inbred lines, the use of double haploids in outbreeding populations would yield 
families with a variable amount of information about the linkage of a QTL and mark- 
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ers. To be completely informative, a parent has to be heterozygous at both the markers 
and the QTL. In segregating populations, not all parents will be completely informa-
tive, and the phase of linkage between the favourable QTL allele and the marker allele 
will differ across families. Therefore, the power may differ considerably when moving 
from the double haploids obtained from inbred line crosses to those from outbreeding 
populations. 
The principal aim of this study is to assess the power to detect QTL for different 
designs that can be implemented within outbred populations, comparing in particular 
the double haploid design (DH) with more standard designs using normal reproduction 
and a collection of full and/or half sibs. 
4.2 Theory 
4.2.1 Power prediction 
For the purpose of power prediction the approach used by Weller et al. (1990) was 
extended for use with interval mapping, assuming completely informative markers. 
The test statistic is based on the squared contrast between offspring receiving different 
marker haplotypes from the parents (van der Beek et al., 1995). The QTL was assumed 
to be in the middle of the marker bracket. For parents informative for the markers, 
their progeny can be classified according to the presence or absence of recombination 
between the markers in the bracket. When the QTL is in the middle of the interval, 
most of the information about the presence of a QTL can be obtained from the contrast 
between the two non-recombinant classes (contrasts between recombinant and non 
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recombinant classes will contribute little information for detecting linkage between a 
marker and a QTL). The test statistic (TS) used in the this study for detecting a QTL 
between a marker bracket is: 
t 
TS = C21SE2(C) 	 (4.1) 
i= 1 
where, 	denotes summation over parents, C is the value of the marker contrast 
between non-recombinant haplotype classes from the same parent and SE(C) is its 
standard error. Under the null hypothesis (of no QTL segregating within the interval) 
the test statistic was assumed to follow a central x2 distribution with degrees of free-
dom equal to the number of parents heterozygous for the markers. This assumes that 
the phenotypic variance is known without error and that the sample size is large. When 
the variance is calculated from the sample, the test statistic (when summed over fami-
lies) will follow an F distribution (Geldermann, 1975; Weller et al., 1990; van der Beek 
et al., 1995). The assumption that the test statistic follows a x2 distribution appears to 
be robust, even when the sample size is small (data not shown). 
In order to compute statistical power, the distribution of the test statistic under the 
alternative hypothesis is required. In this case the variable is expected to follow a 
non-central x2 distribution, whose non-centrality depends on the number of parents 
heterozygous at the QTL, the expected value of the marker contrast and its standard 
error (Weller et al., 1990; van der Beek et al., 1995). The non-central parameter of this 
distribution is NC(h) with h being the number of parents heterozygous for the QTL 
and the degrees of freedom equal to the total number of parents (t). The power is 
computed as the probability that this non-central X2 variable exceeds a critical value 
given that h out of p parents are heterozygous for the QTL summed over parents. 
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The number of heterozygous parents follows a binomial distribution, with h out of t 
independent trials (the parents sampled) and with probability of success equal to the 
expected proportion of heterozygous individuals assuming random matings. Overall 
the power was calculated as: 
I 
Power = 	P(h)P(X2 [NC(h),t] > Th) 	 (4.2) 
h=O 
where, L 0  denotes summation over parents, P(h) is the binomial probability that h 
out of t parents are heterozygous for the QTL, and P(2  [NC(h), t] ~! Th) is the prob-
ability that the non-central x2 variable is greater than a significance threshold (Th) 
under the null hypothesis (obtained from a central x2 distribution, with t degrees of 
freedom). The non-central parameters needed to perform power calculations for the 
different designs considered in the present paper are given in detail below. 
4.2.2 Designs for QTL mapping experiments in outbred popula-
tions 
Three different, balanced, two generation population structures were considered in the 
present study. In all cases, the mapping population was obtained from completely 
informative parents for the markers; the individuals sampled to produce the progeny 
generation were assumed to be unrelated and were genotyped for the markers and the 
progeny were genotyped and their phenotypes recorded. 
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An underlying additive model was assumed with a biallelic QTL segregating, with 
a difference of 2a between homozygotes, and a residual genetic component under 
infinitesimal assumptions unlinked with the QTL. The genotypic frequencies in the 
parental population follow Hardy-Weinberg expectations with allele frequency q for 
the increasing allele. Interval mapping was assumed, such that a marker bracket of a 
certain length flanks the QTL in the interval. No interference in recombination events 
was assumed (i.e. the Haldane mapping function was used). Since the population 
is assumed to be in linkage equilibrium between markers and QTL, the linkage in-
formation must be inferred from the contrasts within families. It was assumed further 
that the variance contributed by the QTL is small compared to the phenotypic variance. 
4.2.2.1 The Double Haploid (DH) design 
Under the double haploid design, dams that generate the progeny generation are ran-
domly sampled from a base population. The diploid state is restored artificially using 
treatments that enable the genetic contribution of a single gamete to be doubled. The 
model for the DH design is: 
Yijk =p+dI+dmJ+e1Jk 	 (4.3) 
where Yijk is the phenotype for the quantitative trait, d1 is the random effect of the 
ith 
dam, dmij is the fixed effect of the jth marker haplotype classes within the ith dam and 
ek is the residual term. 
When double haploid techniques are used to produce the next generation, the 
progeny population will no longer follow Hardy-Weinberg expectations, there being no 
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heterozygotes and the frequencies of homozygotes being equal to the allele frequencies 
in the parental population. The expected performance in the progeny generation under 
any mode of inheritance in the base population is dependent only on the allele frequen-
cies and gene effect and has expectation equal to a(2q - 1). The genetic variance in the 
double haploid progeny is, assuming linkage equilibrium, twice the additive variance 
of the parental generation: 
Var(QTL(total)) = 4q(1 - q)a2 , 	 (4.4) 
and is equally distributed between and within families. 
If the dam is heterozygous for the QTL and for the markers, the expected values 
for alternative haplotypes based on flanking markers are a mixture of the effects of the 
homozygous QTL genotypes, weighted by the conditional probabilities of the QTL 
genotype given each marker class. These probabilities and the conditional expectations 
are presented in Table 4.1. 
Table 4.1: Joint, marginal and conditional probabilities of QTL alleles and genotypes given the genotypes at the flanking 
markers and conditional expectations given flanking markers for the DH design. The ordered genotype of the dam is A1 - Qi - 
B1/A2—Q2—B2 
Marker 	 Probability 	 Frequency of marker 	Conditional probabilities 	 Conditional 
haplotype 	of gametes carrying the QTL allele Q 	haplotypes 	 of QTL genotype Q  Q 	 Expectation 
given marker haplotypes given flanking markers. given flanking markers. 
A 1 —B, P(Ai,Qi,B,) P(A1—B) P(Q1Q1 I A—B1/A—B1) E[y 1 	A—B] 
Al —B1 (1—ra —rb+rarb)12 (1—r0j,)12 (1—ra —rb+rarb)/(1—raj,) a(1—ra —rb)/(1—rc,J,) 
Al - B2 (rb - ra rb)12 rc,j,12 (rb - rarb)/rc,J, a(rj, - ra)/(rab) 
A2—B1 (ra —rarb)/2 r,j,12 (ra —rarb)/raJ, a(ra —rb)/(rab) 
A2—B2 (rarb)12 (1 —rj,)/2 (rarb)/(1 —rj,) —a(1 —ra —rb)/(1 — rab) 
0 
0) 
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The variance of the marker means depends on the number of progeny belonging 
to the corresponding marker allele group and the within family variance. Using in-
terval mapping, the expected number of progeny belonging to each marker haplotype 
class is dependent on the recombination fraction between the two markers (rab), i.e. 
(1 - r,j,)n/2 and rabn/2 with n progeny per family, for the non-recombinant and re-
combinant classes, respectively. The observed variance amongst non-recombinant in-
dividuals for a completely informative darn can be expressed (ignoring small contribu-
tions from the QTL) as: 
	
2(a+a) 	a2 (4.5) Var(A1 - B) E( 
M 
where A, - Bi denotes the marker haplotype (see Table 4.1 ) for the non-recombinant 
class, a is the variance of the residual polygenic component, a 
2 is the environmental 
variance and m is the number of progeny belonging to the non-recombinat progeny. 
The expected value of the ratio a,/m was approximated using a first order Taylor 
senes as: 
m 	E(m) 
The marker mean variance would also include any variation due to segregation 
of the QTL within the class, but this is expected to be very small since only double 
recombinant progeny would contribute and the number of these in non-recombinant 
classes is expected to be low. Compared to the residual variance, the increase due to 
segregation of the QTL is negligible and is therefore ignored in (4.5). 
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Hence, the expectation of the contrast of the non-recombinant marker classes con-
ditional on the individual being heterozygous for the QTL is given by: 
E[C—DH] 
- 2a(1 — ra —  rb) (4.6) 
- 	(1—rth) 
where ra  and rb denote the recombination fraction between the left and the right marker 
and the QTL, respectively, and with variance equal to: 
SE2 (C—DH) 4(11+a) (4.7) 
n(1—r0j,) 
Therefore the non-central parameter for the DH design is: 
E2 (C—DH) 	na2(1—ra—rb)2 	
(4.8)It NCDH(h) hsE2 (C DH) 
where h is the number of dams heterozygous for the QTL. 
4.2.2.2 The full sib (FS) design 
Pairs of parents (sires (s) and dams (d)) were chosen at random and then mated to 
produce a number of full sib families in the progeny generation (with n progeny per 
family). The model of analysis is: 
yIJk=p+fI+hJ+eJk 	 (4.9) 
where f is the random family effect, hij is the fixed effect of the jth marker haplotype 
within the ith family and ek is the residual term. 
For completely informative markers, there are two possible non-recombinant hap-
lotype contrasts, one from each of the parents that produce the full sib family (van der 
Beck et al., 1995). For an additive genetic model, the expected value of the contrast 
for each parent is equal to: 
E(C—FS) 
- a(1 - r,, -  rb) (4.10) 
- (1—rab) 
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The variance of the contrast was obtained from the sum of the variances of the ex-
pected marker haplotypes under the same assumptions as the DH design. The variance 
of the marker haplotype mean is the ratio of the within family residual variance (/2 
+ (Y) to the expected number of progeny belonging to the non-recombinant class: 
2( 	+) 
Var(A,—B,) -2 P 	 (4.11)  
n(1—rab) 
The non-central parameter is: 
	
na2 (1 - ra - rb)2 	 (4.12) NCFS(h) h 41 
- rab) (a + 
where h is the number of parents (sires and dams) heterozygous for the QTL. 
4.2.2.3 The hierarchical (HI) design 
In hierarchical designs, a series of unrelated sires (s) are mated to an independent set of 
unrelated (d) females. From each dam, n progeny are considered in the analysis. The 
information about linkage is obtained from two different sources. The sire haplotype 
contrast is obtained from the difference between the paternal half-sib progeny inher-
iting the alternative non-recombinant sire marker haplotypes. The second contrast is 
obtained from the difference between the full sib progeny that inherit the alternative 
non-recombinant marker haplotypes from their dam. The model is: 
YijkIm = / J + Si + dij + smk + dmi + ejjklm 	 (4.13) 
where Yijklm is the progeny observation, s1 is the random effect of the ith sire, d,3 is the 
random effect of the jth dam nested within the ith sire, sm,k is the fixed effect of the 
sire marker allele, dm,3i is the fixed effect of the dam marker allele and ejj/(Jm is the 
residual term. 
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The expectations of the contrasts from both sires and dams are the same as the 
contrast given for the FS design. The variance of the haplotype marker mean include 
any residual variation due to dams, with a value equal to (Y 2 /d. However, contrasts are 
no longer independent, due to the cross-classified structure within sires, i.e. progeny 
of the same dam is included in the alternative haplotype marker means, therefore the 
variance of the contrast includes minus twice the covariance between haplotype marker 
means. This term is equal to —2(Y2  Id. Finally, the variance of the contrast can be 
approximated as: 4[ +
(4.14) Var[C - HI, sire] dn(1 - rab) 
The observed variance of the dam-marker mean is still equal to that expected for 
the FS design (equation 4.11). 
Under this model, with u sires heterozygous for the QTL, the non-central parameter 
for the sire contrast is approximately equal to: 
dna2(1 - ra - rb)2 	 (4.15) NCHI,sire (U) U4(i 	2)(1 —r0j,) 
and the non-central parameter for the dam contrast with v dams heterozygous for the 
QTL is the same as the non-central parameter for the FS design (as in equation 4.12). 
The test statistic for the HI design is distributed as a x2 with non-central parameter 
given by the sum of the sire and dam non-central parameters with s(d + 1) degrees of 
freedom (Lynch and Walsh, 1997; Gomez-Raya and Sehested, 1999). The maternal 
and paternal contrasts are expected to be independent given the assumption of random 
matings and that markers are fully informative i.e. we know from which parent each 
allele has been inherited. The contrasts are expected not to be independent, however, 
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in situations where markers are less informative and the linkage phase needs to be in-
ferred from the marker data. In this case, inferences should include information jointly 
from a linkage group to infer the most likely linkage phase of individuals. 
4.2.3 Numerical study 
As explained above, the power is computed as the sum over the possible number of 
heterozygous parents at the QTL of the probability that the test statistic exceeds the 
threshold value, weighted by the probability of observing that number of heterozygous 
parents (eqn. 4.2) . The probability B(p, 2q( 1 —  q) , h) of h heterozygous parents out of 
p was computed from a binomial distribution with parameters p, the total number of 
parents, and 2q( 1 - q), the probability that a parent is heterozygous for the QTL un-
der Hardy-Weinberg expectations in the base population. The non-central parameter 
needed for power calculations was computed using equations (4.8) and (4.12), for the 
DH and FS design, respectively. 
The power was computed for the FS and DH as: 
Power= 	B(p,2q(1 —q),h)P( 2[NC(h),t] ':~ Th) 	(4.16) 
For the HI design the power was computed accounting for the probability that u 
out of s sires as well as v out of sd dams are heterozygous for the QTL. 
S 	 sd 
Power=Y B(s,2q(1 —q),u) L B(sd,2q(1 —q),v) 	(4.17) 
u=O 	 v=O 
P(X2 [(NC(U)HI, sire +NC(V)HI,dam),S(d+ 1)) ~! T] 
In all the alternatives examined in this study, the environmental variance was held 
constant (a2  = 1), but the residual polygenic variance (a) was variable. The heritabil- 
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ity of the residual polygenic component (h2 =+ (;t))  ranged from 0 to 0.5. 
Two values of the QTL effect were explored (a = 0.2 and 0.4). The probability of Type 
I errors was fixed at 0.01 in all designs. 
For each design, the experimental population (progeny population) size was kept 
constant (from 500 to 1000 individuals), but the number of full sib families measured 
was varied, so as to find the optimum number of families to maximise the power for 
a given population size. For the HI design both the numbers of full sib offspring per 
female and females mated to each sire were varied. For a fixed full sib family size, 
different numbers of females mated to each sire were investigated under this design. 
4.2.4 Simulation study 
The validity of the expressions derived algebraically for power calculations were tested 
by Monte Carlo simulation under the genetic model outlined previously above. One 
chromosomal segment of either 5, 10, 20, 30 or 40 centiMorgans was modelled. Two 
informative markers flanked a QTL placed in the middle. The heritability of the resid-
ual polygenic component was equal to 0.5. The design of the population was the 
optimal for each design and QTL effect according to theoretical results (see below). 
The total number of individuals genotyped was 1000. The test statistic was computed 
using only the non-recombinant classes (eq. 4.1). 10000 replicates were simulated un-
der the null hypothesis of no QTL segregating. Since the empirical distribution of the 
test statistic differed little from that obtained theoretically (x2  with degrees of freedom 
equal the number of parents) the theoretical distribution was used to obtain the signif-
icance thresholds (ct= 0.01). One thousand replicates were simulated and the power 
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was computed as the number of replicates that gave a test statistic greater than the the-
oretical significance threshold. 
4.3 Results 
The method developed in this Chapter for predicting power appears to be a very good 
approximation to results obtained using simulations (Figure 4.1). In all the cases con-
sidered, differences between the predicted and the simulated values were lower than 
1%, irrespective of the length of the marker bracket utilized and the effect of the QTL. 
The variance of the marker haplotype (eq. 4.5) is a first order Taylor series ap-
proximation of the expected value of the ratio between the within family variance and 
the number of non-recombinant progeny for the corresponding marker haplotype. The 
second order approximation gave results very similar to the first approximation, so 
the latter was used throughout. Simulations show that eq. 4.5 tends to underestimate 
the expected value of the ratio, especially for a very low number of progeny (results 
not shown). Nevertheless, it appears to be a reasonable approximation for the large 
family size as considered in this Chapter and representative of the number of progeny 
available in a single family of fish. 
4.3.1 Comparison between the DH and FS design. 
4.3.1.1 Effect of population structure 
The design of the experiment aimed to detect linkage between a marker and a QTL in 
an outbred population proved to affect the power markedly. The DH design generally 
has higher power than the FS and the HI designs and in some of the cases considered, 
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Figure 4.1: Comparison of power prediction for the optimal DH and FS designs using 
the approximations developed (P) and simulations (S). The QTL effects were 0.2 and 
0.4, as explained in the text, with a population size equal to 1000 individuals. The 
residual genetic and environmental variance was set equal to 1. The probability of 
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increases of 20% in power were observed. 
For a given population size, it appears that the power of the DH design is dependent 
on the family size that must be reared in the experimental population. This is illustrated 
in Figure 4.2 for different QTL effects (0.2 and 0.4) and population sizes (1000 and 500 
progeny) when the marker interval is equal to 10 cM. The optimal population structure 
was dependent on the size of the QTL effects. For the smaller QTL effect considered, 
the optimal population structure comprised a lower number of families each with a 
larger number of progeny. For informative designs (a large QTL effect coupled with a 
large population size), there is a reduction in power if the number of families is reduced 
(or the number of sibs is increased). With fewer families there is a higher chance of 
no families being informative for the QTL and the benefit of increasing the number of 
sibs is very low. 
The maximum power when testing one single family equals the binomial probabil-
ity that the contrast is informative, i.e. for the DH design that the dam is heterozygous 
at the QTL (see Figure 4.2). Greater power is obtained for the FS design when only one 
family is tested, because each full sib family provides two contrasts instead of one and 
there is a greater chance that at least one parent is heterozygous for the QTL. For less 
informative designs, power generally increases when reducing the number of families. 
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Figure 4.2: Predicted power as a function of the family size for the DH and FS de-
signs, for a constant population size of 1000 (a) and 500 (b) individuals genotyped in 
the progeny generation. The QTL effect was either 0.2 and 0.4 with equal gene fre-
quencies, and both the residual genetic and environmental variance equalled 1. The 
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4.3.2 Expected maximum power calculations 
In Table 4.2, the maximum power obtained as a function of the population size, gene 
effect and the amount of residual genetic variation is presented. The DH design gave 
greater power than the FS in the range of situations considered, the difference being 




Table 4.2: Power (corresponding family size in parenthesis) optimized over family structure for the double haploid (DH) and 
full sib (FS) designs, for different population size (N), QTL effect ( a ) and residual genetic variation (cy). The environmental 
variance was 1 in all cases 
DH FS 
0.0 0.5 1.0 0.0 0.5 1.0 
a 	N Power Power 
200 0.276 (200) 0.180 (200) 0.129 (200) 0.084 (200) 0.065 (200) 0.053 (200) 
400 0.449 (400) 0.355 (400) 0.276 (400) 0.199 (400) 0.151(400) 0.120 (400) 
0.2 	600 0.573 (300) 0.449 (600) 0.386 (600) 0.319 (600) 0.248 (600) 0.199 (600) 
800 0.660(400) 0.531 (400) 0.449 (800) 0.423 (800) 0.341 (800) 0.280 (800) 
1000 0.731 (333) 0.607 (500) 0.507 (500) 0.507 (1000) 0.423 (1000) 0.356 (1000) 
200 0.660 (100) 0.531(100) 0.449 (200) 0.423 (200) 0.341 (200) 0.280 (200) 
400 0.869(57) 0.750(133) 0.660(200) 0.660(400) 0.594(400) 0.531(400) 
0.4 	600 0.955 (50) 0.870 (100) 0.787 (150) 0.787 (300) 0.711 (300) 0.660 (600) 
800 0.986 (50) 0.936 (80) 0.869 (133) 0.869 (266) 0.806 (400) 0.749 (400) 
1000 0.996 (50) 0.969 (83) 0.923 (111) 0.923 (250) 0.870 (333) 0.817 (500) 
0 
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In all the cases considered, an increase in the size of the population produced an 
increase in expected maximum power. The overall effect of increasing the total num-
ber of individuals measured tended to be larger for the FS design. Increasing the effect 
of the segregating QTL had a similar effect on the power of both designs (see Figure 
4.2a and 4.2b). Increasing the residual genetic variation had a particularly great ef-
fect on the power of the DH design (Table 4.2), because the genetic variation in the 
DH progeny is double that expected under normal reproduction (see eqn. 4.4). Since 
some of this background variation due to genes located on other chromosomes can be 
controlled by using multiple markers in a multiple regression framework (e.g. Jansen, 
1993; Zeng, 1994) this may be of less importance when applying the DH design in 
practice. 
Hierarchical (Hi) designs appear to have very similar power in the range of mating 
ratios considered in Table 4.3, when the family size is relatively high. Predictions are 
also given for the FS design (a special case of the hierarchical design with a mating 
ratio 1:1). Increasing further the family size increases the power of FS over the HI. 
For example, for a family size of 200 individuals and a heritability of the QTL equal 
to 0.07, power of the FS is 0.91, compare 0.83 for the HI when 5 females are mated to 
1 male. This is because in this study the information given by the contrast within each 
full sib family is already high due to the large full sib family sizes, so that also using 
the half sib progeny adds little information. Concomitantly, using a low number of 
sires increases the chance of sampling individuals homozygous for the QTL. In cases 
where the full sib family size is not sufficiently large, the power of the HI design is 
increased compared to the FS design (Table 4.3), irrespective of the magnitude of the 
residual genetic variation. 
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Table 4.3: Power for the hierarchical and full sib designs given different family sizes 
(FS), population structures (mating ratio) and residual genetic variation (a) for a QTL 
effect equal to 0.4. The environmental variance was equal to 1 and the population size 
was 1000 
Mating ratio FS 0.0 0.10 0.20 
1:5 10 0.43 0.39 0.36 
1:2 10 0.36 0.33 0.30 
1:1 10 0.28 0.25 0.23 
1:5 100 0.88 0.86 0.85 
1:2 100 0.90 0.89 0.87 
1:1 100 0.89 0.87 0.85 
4.4 Discussion 
The objective of this study was to assess the power of QTL mapping under different 
designs in segregating populations, in particular to compare the efficiency of the use of 
double haploid families and two generation outbred designs. 
The power obtained when utilising offspring only from the non-recombinant marker 
classes is greater than that obtained when including the less informative recombinant 
marker classes, even though not all the phenotypic information from a family is used. 
This result may be explained by noting that the contrast between the non-recombinant 
classes is an estimator of a multiple of the QTL effect (i.e. is twice in the case of 
the DH design), scaled by a factor (1 - ra - rb)1(1 - rab), which for most situations 
is approximately equal to 1, even when the QTL is in the middle. This contrast is 
expected to be much larger than all the other contrasts and this benefit far outweighs 
the disadvantage of using only a subset of the data. The methodology presented here 
can be used to determine the best alternative among different designs. In practice, all 
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marker classes are included in the analysis using regression or maximum likelihood 
techniques in order to obtain estimates of QTL effect and location. 
The results show that it would be possible to increase significantly the statistical 
power of QTL mapping experiments by using the DH design, even when compared 
against the comparatively high power of the FS designs considered here. The DH de-
sign would not require a dedicated mapping population, since it is applied directly to 
the same outbred base population as the FS design. Thus, there is no increase in the 
time to obtain the progeny generation utilised for mapping. In contrast, the time lag 
for obtaining the mapping population may be a constraint when using the F2 design 
from line crosses (Haley et al., 1994) or when developing clonal lines by means of 
chromosomal manipulations (Robison et al., 2001), given the long generation interval 
in some species of fish. Another advantage of using the outbred population directly 
rather than creating clonal lines is that, depending on the number of parents used, the 
design can gain access to multiple QTL alleles present in the initial base population. 
It was assumed for the purposes of power prediction that completely informative 
markers were available. In practice, depending on the type of marker used, the levels 
of heterozygosity will be lower and this will lead to a reduction in power (Knott and 
Haley, 1992; van der Beek et al., 1995). In practice, information for many linked loci 
is used simultaneously with the aid of multipoint methods, and this tends to ameliorate 
the decrease in informativeness of only one single interval. 
It is not unrealistic to assume the large full sib families considered here for fish, 
which have a much higher reproductive capacity than other farmed species. Thus 
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higher power can be obtained than for other species in which the number of full sibs 
per family is a limitation (Knott and Haley, 1992; Gomez-Raya and Sehested, 1999). 
For example, in Figure 4.2 it is shown that power decreases rapidly as the full sib fam-
ily size decreases, even when the total sample size is relatively high. 
In the range of situations considered, it appears that maximum power increases 
when either the population size and/or the size of the QTL increases, as expected. For 
a constant population size, the power depends upon the number of families. For ex-
periments of low power, e.g. for a QTL of small effect and a relatively low population 
size, power generally decreases as the number of families in the population increases, 
whereas for experiments of relatively high power, the magnitude of the expected power 
tends to increase with the number of families in the population. This is consistent with 
results of Muranty (1996). These results may be explained by the fact that the par-
ents sampled have unknown "a priori" information about the QTL genotype. Under 
these conditions, the QTL alleles are more accurately represented in the next progeny 
generation when more parents are used for obtaining the mapping population. For this 
reason, using only one reference family for QTL mapping tends to be less efficient. 
As information about linkage is accumulated on a within family basis, however, too 
few sibs per family also gives low power. The optimum structure is dependent on the 
design used to generate the mapping population. 
In practice, due to the great biological flexibility of many fish species, it is possible 
to utilise a range of other types of mating systems that make use of full sib groups, 
e.g. factorial designs. It has been demonstrated previously, however, that different 
mating designs have little effect on power, because the non-central parameters were 
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essentially the same for the different matings designs considered (Muranty, 1996). The 
power was more dependent on the number of informative parents that provide informa-
tive contrasts than on the number of full sib families in the population when a constant 
population size is considered. Therefore, the full sib design given here can be consid-
ered to represent many alternative designs. 
Another design using chromosomal set manipulations in fish is related to the use of 
meiotic gynogenetic individuals. Essentially, this kind of parthenogenetic reproduction 
is like selling, but instead of utilising two different gametes from the same individual 
to produce progeny, the second polar body is retained. This means that there can be 
different recombination events in the two chromosomal segments inherited from the 
same dam, compared with one for the DH design. The expected inbreeding coefficient 
in this case is equal to 0.5, and it is expected that the variance of the QTL and therefore 
power increases. The power of QTL detection utilising selfing has been considered in 
the context of tree breeding by Kumar et al. (1999), among others. 
An additional effect not accounted for in the present study is the presence of com-
mon environmental effects. The relative efficiency of the HI design, when common 
environmental effects are present, is expected to decrease further. This is because the 
variance of the marker mean of the sires is increased by a fraction of 2 /nd (1 - r,i,), 
where (32 is the variance of common environmental effects due to dams. For- the FS 
design, all the individuals within a family share the same common environmental ef-
fects, therefore the effect on power under this design is expected to be negligible. 
Chapter 5 
Linkage Analysis In Segregating 
Populations Of Fish And Plants Using 
Double Haploid Individuals 
5.1 Introduction 
Many plant or fish species can be successfully reproduced from a single parent using 
techniques that enable duplication of the genetic material in the gamete (Streisinger 
et al., 1981; Young et al., 1998; Postlethwait and Talbot, 1997; Bijma et al., 1997). 
This type of uniparental reproduction can be realized by using irradiated sperm/ova 
and then using methods to prevent the first mitotic division in order to produce double 
haploid (DH) progeny (Streisinger et al., 1981; Thorgaard, 1992; Corley-Smith et al., 
1996; Jenneckens et al., 1999). Each gamete produced by the outbred parent will repre-
sent a particular recombination event and therefore this type of progeny will represent 
a collection of completely homozygous recombinant inbreds. After a second round of 
94 
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uniparental reproduction, a collection of clonal lines can be obtained, and these are 
likely to represent the genetic variants from the base population in the absence of dele- 
terious mutations. 
The use of these techniques for genetic analysis of complex quantitative traits have 
been considered in the context of plant breeding and experimental populations of fish 
species (Thorgaard, 2002; Robison et al., 2001; Bongers et al., 1997a; Tanck et al., 
2001; Snape, 1997). In plants, the usefulness of double haploid lines is in reducing 
the time needed to produce a new variety and therefore increasing the efficiency of 
selection (Snape, 1997). In fact, this breeding method provides a way to quantify the 
number of effective factors segregating and to increase the frequency of favourable re-
cessive alleles that appeared with low frequencies in the parental outbred population 
(Snape, 1997). In carp, a model organism used in immunology, the use of double hap-
bids have been considered in the context of quantitative genetic experiments in outbred 
populations, where the objective is to obtain reliable estimates of genetic parameters 
(Bongers et al., 1997a; Bijma et al., 1997). Heritability for cortisol levels have been 
obtained using DH progeny of this sort (Tanck et al., 2001). Including mixtures of 
double haploids and full sibs in the same experimental unit (i.e. within a family) can 
greatly increase the precision of genetic parameters, especially when the family size 
is relatively large, for a constant population size (See Chapter 2). Since experimental 
settings are constrained by the total number of individuals genotyped, designs aimed 
at QTL mapping should include a small number of families of relatively large size in 
order to maximize the power of QTL detection. This is because most of the informa-
tion for mapping QTL comes from within family segregation (Muranty, 1996; Xu and 
Gessler, 1998). 
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In a separate paper (Martinez et al., 2002a, , see Chapter 4) we derived analytical 
formulae to predict the power of interval mapping under different designs applicable 
to outbred fish populations. The use of double haploids appeared to be of benefit when 
detecting QTL, particularly, when both the variance of the QTL and polygenic effects 
is small. In the present Chapter we propose to retain the use of DH sibs obtained 
from an outhred population and in addition, to include related full sibs (FS) in order to 
increase accuracy of genetic parameters. Under these circumstances, a general proce-
dure that can be used in recalcitrant plant and in many fish species is needed in order to 
accommodate efficiently all the uncertainties that appear in outbred populations, such 
as unknown linkage phase and differing levels of marker informativeness. We examine 
the accuracy of QTL mapping implemented under the IBD based variance component 
method, since this gives a straightforward framework to combine information not only 
from double haploids and full sibs from a single family but also from different types 
of families (for instance FS, DH) in a single analysis (Xie et al., 1998a). 
In this Chapter, a description of the implementation of the double haploid design 
under the mixed linear model is presented including both polygenic and additive QTL 
effects under this unusual mode of uniparental reproduction. Inferences about vari-
ance components were carried out using Restricted Maximum Likelihood (REML). 
We outline first the calculation of coancestry given marker information under this de-
sign and then we compare the behaviour of designs that make use of either full sibs 
(FS design) or double haploid (DH design) or both (mixed - MI design) for different 
values of heritability and marker information. This is in order to mimic the behaviour 
of different designs encountered in practice in fish and plants. Finally, we apply this 
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method to empirical data of a single family of double haploid individuals measured for 
life history traits at the beginning of the life cycle. These individuals are obtained from 
a cross between clonal lines and therefore they are completely informative for markers 
and QTL. For this analysis, we describe a simple deterministic method to obtain the 
coancestry between double haploid sibs using information from parents completely in-
formative at typed marker loci. 
5.2 Material and methods 
5.2.1 Genetic model and population structure 
For simplicity we assumed that the phenotypic value is explained in terms of a single 
QTL flanked with markers in a linkage group and many genes of infinitesimal effect. 
The model of inheritance can be expressed as (Goidgar, 1990; Xu and Atchley, 1995): 
Yij 	
(5.1) 
where p is the population mean; a ij is the random effect for offspring j due to a ma-
jor gene segregating to be tested using marker information within family i; Pif is the 
random effect for offspring j of due to other genes at unlinked loci (polygenic effects) 
within family i and eij  are the residual effects. If we assume that these terms are all 
independent of each other, then the total variance is the sum of the variance contributed 
by each of the random effects. 
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We assumed that DH individuals are produced using chromosomal manipulations, 
such that chromosomes in the maternal gamete are doubled, resulting in 100% ho-
mozygous individuals. For references about the techniques involve in such manipula-
tions, see Corley-Smith et al. (1996) and Thorgaard (2002). If the mother is not inbred 
then there is mendelian segregation among gametes from the same dam. Under these 
circumstances there is re-distribution of the genetic variance in the progeny population 
compared to the normal outbred population. Under an additive genetic model (assum-
ing no interactions between genes and no covariances between genes and the environ-
ment), the variance of the offspring (y,) produced by this mode of reproduction can be 
expressed as: 
Var(y 1 ) = Var(2g + e) = 
4Var(g,) + Var(e) 
and since Var(g) is equal to Var(tjd) then: 
Var(y) = 2Var(tadd) + Var(e 3 ) 
where gjj is the maternal gamete inherited, eij is 
the environmental value and tadd is the 
total additive genetic value (including QTL and polygenic effects). Since each gamete 
can be expressed as half the expected breeding value of the dam and a term due to 
mendelian sampling segregation, the total genetic variance is then equally redistributed 
within and between families (Bijma et al., 1997). 
5.2.2 Covariance between individuals at the QTL 
Since each DH individual has loci with two identical copies of the same allele inherited 
i.e. they are completely homozygous, they have only two possible genotypes at the 
QTL (Martinez et al., 2002a). When the genotype at the QTL is known, twice the 
coancestry at the QTL of DH individuals i and j from the same parent (2$,) can be 
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either 2 or 0 depending on which allele was inherited by the two sibs: 
1 2 fØrQMQM—QMQMafldqMqMq, 
(5.2) 1 for QMQM_qMqM 
where Q" and 
qM stands for alternative maternal alleles at the QTL and QMQM is used 
to represent the ordered genotype at the QTL of the sib (the dash represent between). 
Between full and double haploids sibs within the same family, 2i,j can be either 0 
or 1, depending on which allele was inherited from the dam. This can be expressed as 
the following distribution, for the ordered maternal and paternal gametic values for the 
QTL, denote as M  and ", respectively (assuming known linkage phase) (5.3): 
1 
f0QQQQMqP,qMqMQPorqMqMqMqP 
24 	 (5.3) 
0 
f0 QqMqp,4qMQyØfqMQMq1) 
In matrix notation the general mixed linear model of analysis was: 
Number of QTL 
Y = X3 + Zp +Z 	a, + e 	 (5.4) 
where Y is the vector of observations, P is the vector of fixed effects, p is the vector 
of additive genetic effects due to the polygenic effects, and a, is the vector of additive 
genetic effects due to the QTL i, e is the vector of residuals and X, Z are the incidence 
matrices relating fixed and random effects with V. 
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Assuming one record per individual and a single QTL (assuming no interactions 
and homogeneous residual variances), the first and second moments of the distribution 
of the vector of phenotypic effects are: 
E(Y) =Xb, 
Var(Y) = V =Aa+2cINJ+Ia 
where A is the numerator relationship matrix unconditional on marker information cor-
responding to the numerator relationship between individuals; 4 is the expected matrix 
of coancestries conditional on marker information and I is an identity matrix. 
5.2.3 Interring relationships given markers and pedigree informa-
tion in outbred populations 
In practice, the status of the actual QTL (including phase) is unknown, and therefore 
marker information is needed to infer the IBD status at the QTL. Under this circum-
stance, we approximate coancestries between relatives given marker information using 
a multipoint method, following the genetic model of Guo (1995) implemented in a 
Markov Chain Monte Carlo algorithm (Perez-Enciso et al., 2000). We chose this algo-
rithm due to its versatility in using all available information in general pedigrees. With 
this algorithm we can study different amounts of marker informativeness. A brief in-
troduction to the method is presented below, along with the modification require to 
account for DH individuals in the pedigree. 
The algorithm has two main steps for computating the coancestry between indi-
viduals given marker data. The first step involve sampling the ordered genotype of 
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founders using the joint conditional probability that the marker haplotype of founders is 
of paternal or maternal origin. This probability is calculated using information jointly 
from all sibs and informative flanking markers given the current phase in the parent. 
Each of the two phases was assigned a equal probability and the phase is sampled at 
random from a uniform distribution. For double haploids, the strategy is similar to that 
used under self-fertilization (where the dam is used indiscriminately as sire or dam); 
the difference relies upon the fact that double haploids sibs only contribute information 
from a single meiosis (due to the duplication of the genetic material); whereas under 
self-fertilization each sib will contribute information from two independent meiotic 
events (since the genotype is form by uniting different gametes from the same parent), 
and this is incorporated when calculating the phase probability. Nevertheless, due to 
the relatively large number of sibs used in the simulations, both calculations of phase 
probabilities would give very similar results (data not shown). 
Second, recombination events were sampled conditional on current phases, con-
sidering in turn the maternal and paternal haplotype. In every iteration, the number of 
crossovers is simulated using a Poisson distribution with mean equal to the length of 
the marker bracket and a certain maximum number of crossovers, according to Guo 
(1995). The crossovers were located at random within intervals. For DH individuals, 
the same crossover information was simulated in the paternal and maternal homologue, 
i.e. the same numbers of crossovers and their positions were simulated across the cur- 
rent interval in each iteration. 
Instead of assuming a collection of ordered loci and computing the gametic IBD 
value, say every 1 cM, this approach assumes that the genome is a continuum, and 
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the relationship between relatives given marker information is calculated for many 
segments in the genome. In each iteration, twice the coancestry between segments 
inherited is calculated. For example, in the extreme case when double haploid sibs in-
herited the same non-recombinant segment from the dam the coancestry will be equal 
to 1. When a crossover occurred within the current segment evaluated, the probability 
is calculated according to the proportion of the segment for which relatives are identi-
cal by descent. 
Finally, the realized coancestry for a given segment obtained in every iteration was 
averaged over samples from the posterior distribution of the coancestry obtained from 
a single Markov Chain. The total number of samples in each chain was 1500 in the 
present study. When markers are not very informative, samples from the posterior dis-
tribution would have been highly correlated, and the chain would not move. Examples 
of chains under these circumstances (with biallelic markers) were inspected visually 
and no apparent trend that suggested failure to converge was observed over samples 
(data not shown), and the chain moved freely throughout the parameter space of the 
coancestry. Furthermore, the intra-class correlations (calculated using the batching 
method (Sorensen, 2001) between batches of 100 samples of the coancestry between 
two particular sibs from a family of size 50 were relatively small (less than 0.10), when 
low marker information was simulated. 
The elements of the numerator relationship matrix (Henderson, 1984) are equal to 
the expected values of twice the coancestry without conditioning on marker informa-
tion (the numerator relationship). These elements are required to model genes under 
infinitesimal assumptions (matrix A). These values can be obtained using partitioned 
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matrix theory in order to construct directly the elements of the inverse relationship 
matrix (Tier and Soelkner, 1993; Bijma et at, 1997). For double haploid individuals 
obtained from an outbred dam, the inverse of the A' matrix can be derived directly by 
considering the effect of adding one additional row to the matrix (as in eqn. 2.6, page 
33; Chapter 2). In this formula a,1 is twice the coancestry of an individual with itself 
(1 and 2 for non inbred and inbreds, respectively) and s1 is the vector expressing the 
genetic contributions of the parents of the ith individual, with values corresponding to 
each parent equal to 0.5 under normal reproduction and a value of 1, if the parent was 
reproduced under double haploidy. 
A' 0 SiSi 	Si 
Ai1 
= 	 + 	- sTAi_,si)1 	 (5.5) 
0 0 	 5T 1 
The term (at, - sTA_ is1 ) expresses the Mendelian sampling contribution in the 
production of the ith genotype as a proportion of the additive genetic variance. When 
using DH this term is equal to (2-ad,d), where ad,d, is the relationship of the mother 
with itself, calculated as 1 plus half the relationship between her parents. 
5.2.4 Simulations 
Simulations are performed to study the behaviour of estimates obtained under the dif-
ferent modes of reproduction outlined previously. In the present investigation, we 
compare two-generation designs using marker and phenotypic information from off-
spring and parents. In the first case, we use uniparental reproduction to produce double 
haploid individuals. In the second, mating of randomly pairs in the base population to 
produce the progeny performed the standard FS design. Finally, the mixed design (MI 
design) was performed by obtaining normal full sibs and double haploid sibs from one 
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of the parents in each of the families evaluated. 
Simulations were carried out assuming a large base population in Hardy-Weinberg 
equilibrium. We simulated telomeric regions under no interference and six markers 
were evenly spaced in a region of 100 cM. Each marker had either 8 or 2 equally 
frequent alleles (Table 5.1). A biallelic QTh is segregating in the base population con- 
2 tributes with variance y and equal allele frequencies, placed between the third and the 
fourth marker in the centre of the linkage group. The alleles are sampled at random 
in order to obtain the genotypic value of the parents at the QTL. The polygenic com-
ponent was simulated using infinitesimal assumptions, with variance a. This source 
of genetic variation depends upon the parental breeding values and a Mendelian sam-
pling term. The breeding value of the parents in the base population is sampled from 
the normal distribution N(0,). The gametic value was generated as half the breeding 
of the parent and an effect due to mendelian segregation, sampled from a normal distri-
bution N(0,-). For normal reproduction, paternal and maternal gametes were chosen 
at random from a pool and then united. Converting the sampled paternal or maternal 
gamete directly to a completely homozygous genotype, simply by duplicating the ga-
metic value sampled, generated DH individuals. We refer in this case to maternal or 
paternal gametes, although it is irrelevant from which source DH individuals are pro-
duced, for the purposes of the study. 
The total population size was 500 individuals, including parents and progeny. A 
fixed number of 10 families was considered, since this is a realistic scenario for fish 
species due to their large family sizes and because it is a good compromise between 
accuracy of genetic parameters and power to detect the QTL (See Chapter 6). 
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Table 5.1: Parametric settings used in the simulations. 
Scenario h h Marker information 
a 
L-L 0.40 0.10 Low 
H-L 0.30 0.20 Low 
L-H 	0.40 0.10 	High 
H-H 0.30 0.20 High 
a Low and High Marker information, corresponds to 2 and 8 equally frequent alleles 
The total genetic variance (cN 2 + 	was set so as to obtain a constant heritability 
of 0.5 and the total variance was fixed as 1000. We investigated different values for 
the heritability of the QTL (h), by modifying the relative proportions of the different 
sources of genetic variance and hence the heritability of the polygenic component (h) 
(Table 5.1). Under the alternative hypotheses, 100 replicates were run for each of the 
four scenarios considered (Table 5.1) unless otherwise stated. For each chromosome 
scan, we maximized the likelihood of the error contrasts using the covariance structure 
calculated using segments of two cM in length and the value at convergence was used to 
compute the likelihood ratio test (LRT) as —2(LogLo - LogLi), where LogLo is the log 
likelihood value obtained fitting only the covariance structure given by the polygenic 
effects and LogLi is the likelihood after fitting both the polygenic and the covariance 
structure due to the QTL. 
5.2.5 Empirical data 
Early development rate traits: As an example of the use of the methodology on 
empirical data we analyse a single family of 171 double-haploid individuals produced 
from a cross between two clonal lines of rainbow trout divergent in early development. 
The experimental set-up can be found in appendix B in addition to the phenotypic and 
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molecular information. We use a sub-sample of the complete data set from linkage 
group V for analysis using the random model of QTL detection. Maximum likelihood 
estimates of recombination fractions between markers (calculated using Mapmaker) in 
the linkage group are presented in the appendix B. 
Computation of relationships given marker data: The MCMC algorithm to ob-
tain relationships given marker data presented before is computer intensive, and soon 
becomes prohibitive when the number of progeny per family is large. For simple pedi-
grees, like the one found in the real data and where the linkage phase can be inferred "a 
priori" using maximum likelihood (as in Zhang et al. (1998)) or by using a Monte Carlo 
estimate using Gibbs sampling (Hoeschele et al., 1997; Perez-Enciso et al., 2000) the 
following method can be used. 
The expected relationship using marker information can be expressed using matrix 
notation for any two double haploids as: 
E(241 
 = :)TI-p. 
)  
(5.6) 
where P1 and P are vectors of the QTL genotype probabilities (QQ 
or qq) given marker 
information for individuals i and j (Xie et al., 1998a; Martinez et al., 2002a) and 
C 
is a square matrix with diagonal elements equal to 2 (twice the coancestry between 
individuals inheriting the same QTL genotype) and 0 otherwise. We simulated one 
family with 50 sibs and compared estimates obtained by the deterministic and the 
MCMC method in ten positions over a single interval of 10 cM in length. The MCMC 
method gave values that are distributed around the exact value given by the determin-
istic method and the correlation obtained between estimates was unity (Figure 5.1). 
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Figure 5.1: Relationships between the deterministic and the MCMC method for esti-
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Phenotypes were recorded for three traits, but here we are presenting the results 
for time at hatching (TM) and embryonic length (LEN). For the QTL analysis mark-
ers from other linkage groups deemed significant from a standard stepwise regression 
analysis, using the forward and backward elimination procedure implemented in QTL 
cartographer (Basten et al., 2002) were included as covariates in the mixed model. For 
simplicity, when more than a single marker was found to be significant in each linkage 
group, only the one with the highest test statistic was included in the model. The in-
fluence of other environmental factors, such as temperature was included in the model, 
and the REML likelihood was maximized over the entire linkage group by fitting a 
specific covariance structure for the QTL effects at every 1 cM. Since no parental in-
formation was included, only relationships between sibs were included. 
Parameter estimates in the simulations and the empirical data were obtained with 
REML using an average information algorithm available in ASREML (Gilmour et al., 
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1999). We calculated the significance thresholds for the different parametric settings 
under the null hypothesis of no QTL segregating. For these simulations, 1000 repli-
cates were run and the poly genie variance was set equal to 500, given the same total h2 
as simulated when a QTL was present. Significance thresholds used for the real data 
were obtained by simulation (data not shown). 
5.3 Results 
5.3.1 Power calculations 
5.3.2 Empirical significance thresholds 
The chromosome-wise empirical distribution of the test statistic under the null hypoth-
esis appeared to be distributed as a x2 distribution between a 1 and 2 degrees of free-
dom (DF) for all population structures evaluated in this Chapter (Figure 5.2). There-
fore, increases in the mean test statistic at the position of the simulated QTL between 
designs represent increases in power. This result is consistent with other studies in 
outbred structures, for example using the grand-daughter design applied in dairy cattle 
(Grignola et al., 1996). For power calculations, as obtained below, we use the theo-
retical significance threshold obtained from the mixture x2 distribution. Furthermore, 
the distribution of the LRT under the null hypothesis appeared to be very similar when 
either low or high marker information was simulated. The results are also consistent 
with previous observations, such that the significance thresholds were rather insensi-
tive to the population structures and how the null hypothesis was simulated (Gessler 
and Xu, 1999). 
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Table 5.2: Empirical significance thresholds for a=0.05 under the null hypothesis of 
no QTL segregating. 	
Chromosome-wise" 	Point-wise I) 
Design High 	Low High Low 
DH 	5.12 5.21 	2.15 2.44 
MI 5.19 	5.26 2.80 2.29 
FS 	5.12 5.01 	2.21 2.27 
a calculated using the value of the maximum test statistic (likelihood ratio test (LRT)) obtained in each replicate simulated under 
the null hypothesis. b calculated using the value of the likelihood ratio test statistic obtained at each position tested for all the 
replicates simulated under the null hypothesis. Expected values for the significance thresholds obtained from x2 mixture distributions 
as explained in the text are 5.14 (chromosome-wise) and 2.71 (point-wise). 
Under the null hypothesis, at any position in the chromosome, the LRT is expected 
to be distributed as a mixture of x2 distributions X : , (Self and Liang, 1987; 
Williams and Blangero, 1999). We basically found the same trend in the simulations 
under the null hypothesis at any single point tested in the linkage group (Table 5.2). 
5.3.3 Empirical power 
Power was calculated as the number of replicates that gave a LRT greater than the the-
oretical chromosome-wise significance threshold (Power I). Also power estimates can 
be obtained by counting the number of replicates around the simulated position QTL 
(using the segment between positions 49 and 51) that gave a LRT ratio test greater than 
the theoretical point-wise significance threshold (Table5.2). Both methods gave very 
similar Figures; therefore, only the former was considered throughout. 
Power of QTL detection under the DH, MI and FS in the different scenarios con-
sidered is presented in Table 5.3. Basically the same trends as obtained previously, can 
be noted in the present analysis (Chapter 4 Martinez et al., 2002a). 1) Power of the DH 
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Figure 5.2: Distribution of the test statistic for different designs under the null hy-
pothesis of no QTL segregating. The test statistic was obtained, in this case, as the 
maximum likelihood ratio test (LRT) along the complete linkage group. The simu-
lation assumed 8 alleles segregating at equal frequencies at the marker loci, with a 
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design was much greater than the FS design. 2) Differences in power were magnified 
when the intrinsic information of the experiment to detect QTL was low (low marker 
information and relatively low heritability). In this scenario (L-L) power was about 
double (DH and Ml) the one observed under the standard FS design. As expected, 
when information is high, differences in power were substantially decreased (Table 
5.3). Power for the MI design was about 20% higher compared with the FS design 
when the intrinsic power of the experiment was medium or low (Scenarios L-L, L-H 
and H-L). We also calculated the proportion of true positives (TP) as the ratio between 
the number of significant replicates that gave estimates within interval where the QTL 
was simulated and the total number of replicates (Table 5.3). In all the cases, TP was 
lower, i.e. some of the locations with the highest LRT were outside the interval where 
the QTL was simulated, but in any case the rank between designs under this instance 





Table 5.3: Proportion of true positives (TP) (Number of replicates in which the maximum value of the likelihood ratio test (LRT) 
was obtained within the interval of the simulate QTL), chromosome-wise empirical power of QTL detection (irrespective of the 
location) and mean maximum LRT, in parenthesis its standard deviation. 
Scenario 	 DH 	 MI 	
FS 
TP 	Power 	LRT 	(SD) 	TP 	Power 	LRT 	(SD) 	TP 	Power 	
LRT (SD) 
L-L 	0.40 0.59 7.54 	(6.09) 0.19 0.37 4.55 	(4.24) 0.11 0.25 
3.53 (3.33) 
H-L 0.61 	0.82 	19.61 	(13.55) 	0.43 	0.63 	10.35 	(8.90) 	0.34 	0.59 	
6.93 (5.36) 
L-H 	0.66 0.88 18.55 	(12.68) 	0.50 0.75 11.35 	(8.58) 0.42 0.71 
8.34 (5.05) 
H-H 0.87 	0.96 	43.65 	(22.72) 	0.78 	0.94 	28.43 	(14.79) 	0.74 	0.99 	
20.42 (9.28) 
- 
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The mean likelihood ratio tests for each segment (50 segments in the chromosome 
are tested in the chromosome) are presented in graphical form in Figure 5.3. The 
advantages of using DH are evident from the visual inspection of the graphs with large 
increases of the LRT at the position of the simulated QTL. This was seen irrespective of 
the marker information content, and differences were exacerbated with low heritability 
and low marker information content. For high information content, there were still 
differences between designs, with a likelihood ratio test from the DH design more than 
twice that obtained for the FS design. The MI design gave almost an intermediate 
mean LRT test between FS and DH, but tended towards the mean LRT obtained by the 
FS design. The advantages of the use of markers with high information content are 
obvious across all designs, but especially with the FS designs in which the mean LRT 
was more than twice the one obtained when low marker information was simulated, 
for the same value of the heritability of the QTL. Almost the same trend was observed 
when the heritability of the QTL was doubled. 
5.4 Estimation of parameters in the simulations 
5.4.1 Location estimates 
The location of the QTL was estimated as the position of the maximum LRT along 
the chromosome. Precision of localizing the QTL was measured as the square root of 
the empirical mean square error (/EMSE) over replicates: 
Precision = /EMSE = 
	 (5.7) 
i:=1 	flrep 
where e, is the parameter and "denotes estimate 
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Figure 5.3: Mean profile likelihood ratio test (LRT) over replicates at each position 
tested (50 segments of 2 cM each). The QTL was simulated at position 50 
cM. Between 
parentheses at the top left hand corner of each graph is the scenario considered. The 
chromosome-wise significance thresholds is equal to LRT value of 5.14 
(L-L) 	 (L-H)  
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Table 5.4: Mean value of position estimates at the most likely position of the QTL 
over replicates. Between parenthesis: the square root of the empirical mean square 
error (/EME see text). 
DESIGN 
DR 	MI 	FS 
L-L 49.62 (19.26) 50.10 (24.33) 44.72 (26.72) 
H-L 48.48 (13.31) 49.92 (17.08) 48.02 (20.99) 
L-H 49.38 (11.00) 49.50 (14.36) 52.00 (18.52) 
H-H 50.92 (07.73) 50.54 (10.33) 51.30 (10.32) 
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The average location was very similar among designs in all scenarios considered, 
with no apparent bias (Table 5.4). The /EMSE of location followed in general terms 
the trend observed when calculating power. 
5.5 Estimates of variance components and heritability 
Estimates of variance components were obtained at the maximum value of the LRT 
along the chromosome (Table 5.5). In general, we found that it was difficult to accu-
rately partition estimates of variance components. The polygenic variance was overes-
timated at the expense of the QTL variance when the information content of markers 
was low. Even when the marker information was high, the true QTL variance was un-
derestimated by 10 percent. Estimates of residual variance behaved reasonably well, 
i.e. the mean empirical values were similar to the simulated values. Empirical mean 
square errors tend to increase with increasing marker information, especially for the 
DH and the FS design. Empirical correlations tend to increase slightly between the 
variance components for FS and DH designs when increasing marker information, 
presumably due to the fact that more information was available to estimate the vari-
ance of the QTL and more difficulties arise when estimating all three highly correlated 
parameters (data not shown). This is in line to what has been observed when fitting 
the additive effects of the polygenic effects and the variance due to common environ-
mental effects using full sib structures (Meyer, 1989). Estimates obtained from the MI 
design appeared to be more accurately estimated that from FS and DH designs. In fact, 
in some of the scenarios the EMSE of the residual variance almost halved the values 
obtained from the DH design. The same was observed for the /iSE of the poly- 
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genie variance compared to the FS design (Table 5.5). This highlights the usefulness of 
including double haploid relatives, when the objective is to obtain greater efficiency of 
the overall genetic analysis, since not only greater power can be obtained but also more 
accurate estimates of genetic parameters compare to the standard FS design. Further-
more, v'EMSE for the MI design tend to be more stable than the ones obtained from 
the other designs in the different alternatives simulated (Table 5.5). 
Estimates of h2  tended to be similar with respect to the true parameter (0.5), irre-
spective of the marker information content and the design. Partitioning of heritability 
estimates follow the trend observed with the variance components, i.e. the polygenic 
heritability increased at the expense of the QTL heritability, when the marker data was 
less informative. In less informative circumstances, /EiMSE for the polygenic her-
itability for either FS or DH, were about 50% greater than the corresponding value 
obtained from the MI design. There is no substantial differences between the EMSE 
for the heritability at the QTL h 2 between designs. 
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Table 5.5: Mean estimates of variance components and the corresponding square root 
of empirical mean square error (/MSE, in parenthesis) over replicates (100). 
Scenario (Parameter) 	DH 	MI 	FS 
(True value)  
& (400) 370 (153) 405 (131) 416 (205) 
L-L 	W (100) 65 (39) 72 ( 50) 84 (58) 
G (500) 514(153) 481(102) 480(111) 
a2 (300) 323 (139) 350 (134) 369 (204) 
H-L 	a(2OO) 118(66) 112(68) 128(99) 
a (500) 475 (136) 475 (95) 460 (108) 
a2 (400) 414 (181) 405 (129) 411 (250) 
L-H (100) 89 (50) 93 (50) 99 (43) 
a(500) 489(181) 489(90) 490(126) 
a2 (300) 347 (160) 303 (125) 328 (242) 
H-H 	W (200) 164 (74) 170 (75) 184 ( 63) 
G 









Table 5.6: Mean estimates of heritability of the polygenic component (h) and of the QTL (h) at the most likely position 
of the QTL, square root of empirical mean square error ([EMSE, in parenthesis). Results are obtained from 100 simulated 
populations. 
DH 	 MI 	 FS 
hp  2 	
hha 	 hp 	 fl rta  
L-L 0.39 (0.16) 0.07 (0.04) 0.42 (0.13) 0.07 (0.05) 0.41 (0.17) 0.09 (0.06) 
H-L 0.36 (0.16) 0.13 (0.06) 0.37 (0.14) 0.12 (0.07) 0.37 (0.17) 0.13 (0.07) 
L-H 0.42 (0.18) 0.09 (0.05) 0.41 (0.12) 0.09 (0.05) 0.39 (0.19) 0.10 (0.05) 
H-H 0.37 (0.18) 0.18 (0.07) 0.31 (0.12) 0.17 (0.07) 0.31 (0.19) 0.19 (0.06) 
CO 
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5.5.1 Empirical data 
The profile LRT for testing the alternative hypothesis of a linked versus no QTL in 
linkage group V is presented in Figure 5.4 for flH and LEN. A significant QTL for 
LEN was found, with a likelihood ratio of 8.9, which is greater than the significance 
threshold obtained by simulation (3.5). The most likely position of this QTL was at 
position 20.0 cM. For TIE, a peak was found in the same interval of the QTL, but 
compare with LEN a much smaller LRT was found. The LRT did not reach the sig-
nificance level obtained from simulation (2.95). Nevertheless, at the other end of the 
linkage group, position 115.0 cM there is evidence for a QTL influencing this trait that 
reaches the significance level obtained by simulation (3.5). These results are consistent 
with the Bayesian analysis presented in Chapter 3. 
The heritability of the QTL for LEN, calculated as the ratio between the variance 
due to the QTL over the sum of the sum of the residual variance plus the variance due to 
unlinked loci (polygenes) was equal to 0.44 and 0.047 for LEN and TTH, respectively. 
These values should be interpreted with caution since all the genetic variation due to 
unlinked markers was "corrected" when including these markers as fixed effects and 
therefore these are upwardly biased estimates of the true variance explained by this 
linkage group, for TM and LEN. The values of the heritability will change depending 
on which markers are selected in other linkage groups. Including unlinked marker 
cofactors as random effects (Wang et al., 1999) gave basically the same likelihood 
ratio profile, and the heritability was reduced to a value to about 10%. 
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Figure 5.4: Likelihood ratio test profile in linkage group V of the real data analysis. 
MM 	 MMMM M 	M 
5.6 Discussion 
The main purpose of the present Chapter is to developed methodology to analyze data 
containing either full or double haploid families, and mixtures of relatives obtained 
using different modes of reproduction in a single family and to investigate the power 
of this strategy to map QTL compare to the standard full sib design in outbred pop-
ulations. We have implemented the random model of QTL detection using relation-
ships conditional on markers information to extract information of a QTL linked with 
markers. The anticipated advantages of using double haploid individuals under more 
informative designs were clearly confirmed here for a range of genetic scenarios and 
differing marker information. Large increases in power and mapping accuracy can be 
obtained using this sort of design. The precision of estimating genetic parameters was 
dependent on the amount of information available within the families; more accurate 
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variance components can be obtained using different relationships within a experimen-
tal unit. 
The use of the variance component method has many advantages over the fixed 
model of QTL detection. The overall efficiency and implementation of the analysis 
using the fixed model of QTL detection tends to be compromised when increasing the 
number of families since many parameters need to be estimated. For the same reason 
it has been shown that increasing the number of families dramatically increase actual 
value of the significance thresholds in the fixed model (Xu, 1998). In practice, combin-
ing information from many families obtained, for example, from line crosses jointly is 
desirable, because if the lines used to form the cross were not fixed at the QTL, this 
strategy should increase the likelihood of detecting a QTL. 
Xie et al. (1998a) obtained large increases in power when using F2 individuals, 
which are completely informative (for both markers and QTL) and therefore it is ex-
pected that power would be much greater than the one obtained using standard full sib 
families. Power can also be improved by using an strategy where matings between full 
sibs or half sibs are performed (Xie et al., 1998b). In theory, power is expected to be 
higher in those instances since under inbreeding there is increase in the variability of 
the IBD status between related individuals (Xie et al., 1998a,b; Williams and Blangero, 
1999). The variance of IBD values for DH individuals at the QTL can be calculated in 
matrix notation as: 
Var(24) = PTC®CP - [E(24)]2 	 (5.8) 
where P is the vector of the probabilities of being of certain homozygous QTL geno- 
type 0 is the Hadamard product of two matrices (i.e. the product of the two elements 
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in the same position of the original matrices). The variance of IBD at the QTL for the 
DH design is 8 times higher (Var(24DH)=1) compared to the variance of IBD of regular 
full sibs which is equal to I 
An added advantage of this framework in which the polygenic and QTL effects are 
fitted jointly is that selection of DH individuals can be based on the best linear un-
biased predictor of the QTL effects (Kennedy and Schaeffer, 1989). The information 
obtained from this source can be used objectively to select individuals that may be used 
as parents to form the clonal lines needed for further experimentation (Robison et al., 
1999). The homozygous effects of specific QTL allele and the polygenic effects can be 
incorporated in a genetic index that can be constructed for this purpose (as discussed 
by Verrier (2001)). 
We found large increases in mapping accuracy and power when using double hap-
bid individuals in the mapping population. Increase mapping accuracy as a first stage 
would be of importance, for example, it may be possible to select regions that may 
contain a QTL more accurately. In a second stage the marker density in the region may 
be increased and then it would be possible to use methods that combine linkage and 
association mapping (Meuwissen and Goddard, 2002; Hoeschele, 2001). In situations 
where the information for detecting a QTL is not very high, the use of alternative map-
ping designs may help narrow the region most likely to include the QTL. 
Increased power has implications on its own in terms of the joint estimation of loca-
tion and heritability estimates. It has been demonstrated that the estimated proportion 
of the variance explained by the QTL is upwardly biased (Georges et al., 1995; Goring 
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et al., 2001). The bias is dependent on the parametric setting by which variance com-
ponents are estimated. Higher bias is expected when the power of the experiment is 
low. We found that estimates of h,2, obtained when power was low were grossly inflated, 
especially for the FS design compare to the other designs considered. In fact, estimates 
were very similar to the simulated values under the DH design (data not shown). 
In practice, marker maps of fish species have been constructed using dominant 
markers, such as AFLP (Young et al., 1998; Robison et al., 2001). IBD probabilities 
using full sib structures can be obtained using a modified MCMC approach (Perez-
Enciso and Roussot, 2002) or using the Hidden Markov algorithm of Gessler and Xu 
(1999). Power to detect the QTL under these circumstances has shown to be consider -
ably reduced especially for sparse marker maps (Gessler and Xu, 1999; Perez-Enciso 
and Roussot, 2002). In these circumstances, by using DH individuals power and pre-
cision of QTL parameters is expected to be less compromised, since there is only 
segregation of homozygous genotypes for markers in the progeny population. For this 
reason, there is no missing marker information in the DH progeny, i.e. exact genotypes 
are known for DH individuals. 
Chapter 5. Linkage Analysis Using Double Haploids in Outbred Populations 	124 
In theory, epistasis can be included under the random model by fitting pair-wise loci 
interactions (Henderson, 1984; Mitchell et al., 1997; Hoeschele, 2001). In this case, 
additive-by-additive epistatic interactions can be included by adding the Hadamard 
product of the two relationship matrices, at given locations to the mixed linear model, 
or at variable positions testing interaction effects for different positions simultaneously. 
For two-locus epistasis the model is: 
2 
Y =p+Zp+Zai +Zaa+e 	 (5.9) 
i= I 
where aa is the additive by additive epistatic effect, and all other terms as above 
(equation 5.4). It is expected that double haploid individuals will contribute greater 
power to detect epistatic interactions compared to full sibs, since for double haploids 
the covariance between sibs for epistatic effects is four times the one expected under 
normal reproduction. Including epistatic effects in the model is difficult in practice 
since one must search for multiple QTL simultaneously in two or more dimensions. 
This multidimensional search is typically carried in many positions of the genome, 
and therefore stringent significant thresholds should be employed due to large number 
of potential tests carried out in the genome wide scan. Furthermore, estimation of epis-
tasis is very inaccurate, and there is little power to detect QTL in outbred populations, 
where the family size is typically small (See Mitchell et al., 1997). Certainly further in-
vestigation is required in this area. The role of epistasis in fish is not well understood, 
although some QTL experiments in outbred populations have shown some evidence 
when interactions between genes is fitted in the model (Danzmann et al., 1999). 
Chapter 6 
Further Insights Into The Variance 
Component Method For Detecting QTL 
In Animal Populations: Relaxing The 
Assumption Of Additive Genetic 
Effects 
6.1 Introduction 
Quantitative trait loci (QTL) detection using mixed linear models is one of the pre-
ferred methods for estimating the contribution of a particular chromosomal segment 
to the observed variance in outbred populations (Lynch and Walsh, 1997; Almasy and 
Blangero, 1998). This method infers QTL segregation using as a covariance structure 
the proportion of alleles identical by descent (IBD) relatives share conditional on ge- 
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netic markers (Lynch and Walsh, 1997; Xu and Atchley, 1995). 
It is customary that, when using crosses between outbred populations, additive 
and dominance effects are fitted jointly in the regression analysis (Alfonso and Haley, 
1998). Using the variance component method, it is usually assumed that only additive 
effects are of importance and therefore only IBD matrices conditional on marker data 
are fitted in the REML procedure (see George et al., 2000; Pong-Wong et al., 2001, 
for implementations in outbred pedigrees of pig and sheep). Although this is indeed 
correct under the assumption of no dominance, it is not clear under the variance compo-
nent framework what is the most powerful test of linkage and by what extent variance 
components can be biased if dominance is not accounted for in the model of analysis. 
This may be of importance, for example when the interest is predicting breeding val-
ues due to the QTL in order to select candidates in marker assisted selection programs 
(Dekkers and Chakraborty, 2002) and certainly in confirmation studies performed in 
commercial populations, where the original experiments from crosses between outbred 
lines show evidence of non-additive gene action at the QTL (de Koning et al., 1999, 
2002). 
Under the assumption of genes with infinitesimal effects, modelling dominance is 
difficult since it is necessary to maximize the likelihood of the data fitting extra param-
eters, such as dominance variance and the covariance between additive and dominance 
effects under inbreeding (de Boer and Hoeschele, 1993). Also under the infinitesimal 
model it is difficult conceptually to deal with inbreeding depression, since it is doubt-
ful that a genetic model exists of an infinite number of loci with directional dominance 
(de Boer and Hoeschele, 1993). Nevertheless, operationally, the use of more corn- 
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plex models may help to improve accuracy of estimation, as well help in exploiting 
non-additive genetic variation within breeds (Goddard, 2001). However, in practical 
terms it is not easy to disentangle variation due to common environmental effects, since 
when using full sib structures as in poultry or fish breeding both terms are completely 
confounded. Under mixed inheritance, non-additive genetic variance can be accommo-
dated explicitly by extending the mixed inheritance model. The covariance structure of 
dominance effects is proportional to the probability that two relatives share the same 
genotype at a locus (Falconer and Mackay, 1996). Very little has been presented in the 
literature about this subject, although in practice it is an important issue for detecting 
QTL in outbred populations (Perez-Enciso et al., 2001). 
In the present Chapter, we investigate the behaviour of the mixed linear model 
when modelling dominance variance at the QTL in outbred populations. We focused 
our attention on testing regimes that are used for detecting a QTL and its position under 
the assumption of no dominance, and then we consider modelling explicitly additive 
and dominance effects by using the appropriate covariance structures of these effects, 
in the mixed linear model. The restricted likelihood is maximized jointly at each po-
sition of the linkage group. This approach is used to localize and estimate variance 
components. Secondly, we investigate a two-step approach in which first additive ef-
fects are used for obtaining the most likely position of the QTL and then, conditional 
on this information, dominance effects are included in the model. Using these meth-
ods, we calculated empirical power and accuracy of estimating variance components, 
using different livestock population structures likely to be encountered in practice. 
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6.2 Materials and methods 
The outline of this Chapter is as follows. First, we present the animal model including 
dominance at the QTL and show how covariances can be computed in full sib struc-
tures; then we explain the testing regimes used first for locating the QTL and to make 
inferences about the mode of gene action at the QTL. 
6.2.1 Genetic model 
Let assume a population of non-inbred full sib families measured for a normally dis-
tributed trait (yj). The model used to explain the phenotype of an individual i is: 
y=p+a+d+pi+e 	 (6.1) 
where p is the contribution of fixed effects (such as the mean), a, is the additive effect at 
the putative biallelic QTL of individual i; with values equal to a for QQ , 0 for Qq and 
qQ and —a for qq, d, is the dominance effect (d) expressed as the difference between 
the mid homozygote value (Falconer and Mackay, 1996) of individuals with genotypes 
Qq and qQ, pi  is the polygenic component, explaining unlinked genes in the rest of the 
genome and e, is the residual. In scalar notation, the first and second moments of the 
vector of phenotypes are then equal to: 
E(y)=p 
+ ,,3a3 + 
where 4',j is coancestry at the QTL for individuals i and j, 8 
is an indicator variable 
indicating whether individuals i and j share the same genotype at the QTL and Eij 
is the additive numerator relationship between individuals (Henderson, 1984). These 
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variables are distributed according to the following distributions (by convention, the 
first allele is the paternal inherited allele): 
0 	for QQ-qq, qq-QQ, qQ-Qq, Qq-qQ 
20ij 1/2 for Qq-QQ, qQ-QQ, QQ-Qq, Qq-QQ, Qq-qq, qQ-qq, qq-Qq, qq-Qq 
1 	for QQ-QQ,  qq-qq, Qq-Qq, qQ-qQ 
1 1 for QQ-QQ, Qq-Qq, qQ-qQ, qq-qq 
1,J S1 
0 otherwise 
For setting up the mixed model equations at the animal level, we need to obtain the 
inverse of the covariance structure due to polygenic effects and of additive and domi-
nance effects at the QTL. We first constructed explicitly the actual matrices pertaining 
to each full sib group, as detailed in the following section and then we obtained the 
inverse using standard matrix inversion algorithms. These calculations have been car -
ried out using a computer program designed for this purpose. 
6.2.2 Computing covariance matrices given marker data for full sib 
structures 
We infer the IBD status between two full sibs at the QTL using marker data (we are 
more specifically calculating the expected value of twice the coancestry of two full 
sib individuals conditional on marker information), assuming completely informative 
markers with ordered genotypes known (See Xu, 1996). Given these assumptions cal-
culation of the pair-wise identical by descent probabilities is straightforward, i.e. by 
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calculating the probabilities that two full sibs say (i and j) share 0, 1 or 2 alleles IBD. 
First, consider the probability that sib i inherit the QTL alleles from the maternal or pa-
ternal first homologue or the second homologue conditional on the marker haplotype. 
The general cases are presented in Table 6.1. There are 4 possible QTL allelic classes 
conditional on flanking markers, each depending on the probability of recombination 
between the markers and the QTL and between flanking markers (Table 6.1). With 
random mating the conditional probabilities of QTL genotypes can be calculated as 
the product between the corresponding gametes that are inherited. The probabilities 
of inheriting 0, 1 or 2 alleles IBD are then simply the product of the probabilities that 
both offspring receive either the same or a different QTL allele from the mother or the 
father. In matrix notation, the expected IBD proportion between any pair of full sibs 
conditional on marker data is simplified to the product of a vector of the conditional 
genotype probabilities given marker data (Vector P) and a matrix that represents all the 
possible alternatives between both full sibs considered (equation 6.2): 
E(2,) = 
	 (6.2) 
where C is a 4x4 symmetric matrix with diagonal elements equal to 1 and off diagonal 
elements equal to 0 or 1  depending on whether sibs share 0 or 1 alleles identical by 
descent. The notation used in the vector Q, stands for conditional probability of QTL 
genotype (QQ, Qq, qQ and qq), given the ordered genotype at the flanking markers 
(where 1, i and 2, i represents the flanking markers (1 or 2) and the allele inherited (say 
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Table 6.1: Conditional probabilities of QTL alleles given marker haplotype (dropping 
the indicators related to maternal or paternal inheritance) assuming no interference. 
Marker 	 Probability 
haplotype of gametes carrying the QTL allele Q, 
given marker haplotypes 
P(QiIMl,?M2,?) 
MI 1M2,1 	 ~—rb) 
M 
 
(r. — rarb) 
1,2M2,1 
Ml,2M2,2 
1) from the mother (mat) or the father (pat): 
1.0 0.5 0.5 0.0 
0.5 1.0 0.0 0.5 
C = 
0.5 0.0 1.0 0.5 











The value of 	between two full sibs can be obtained similarly, as the probability 
that both share the same genotype at the QTL (Falconer and Mackay, 1996). The 
expected value without using marker data is equal to 1 for full sibs. The expectation 
conditional on marker data can be calculated as the product of the vector P1 and the 
transpose of vector P: E[8,] = P1P' 
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6.2.3 Hypothesis testing of nested models 
6.2.3.1 Testing for the presence of a OTL 
The first question to be addressed when mapping a QTL is to test whether there is 
evidence of segregation in the linkage group under analysis. According to Table 6.2 
we can compute two different tests of linkage between markers and QTL: 
ADDITIVE; This test uses only information from the additive effects at the 
QTL (Table 6.2). This likelihood ratio test (LRT) is calculated along the linkage group 
under analysis as minus twice the difference between a reduced model (only fitting 
the polygenic effects) and the unconstrained model, fitting 	in addition to polygenic 
effects. The covariance structure of this effect is proportional to twice the expected 
coancestry 	conditional on marker data. This test assumes that an additive ge- 
netic model is the true underlying mode of gene action of the QTL. 
GENOTYPIC; This test fits the complete covariance structure at the QTL, such 
that the unconstrained model incorporates the dominance in addition to additive effects 
at the QTL. This test statistic is computed along the linkage group and the highest value 
















Table 6.2: Hypothesis testing framework under dominance. In every alternative the test statistic, is computed as twice the 





Genotypic (A + D) 





Y = Xb +Zp +Za +Zd + e 
Y =Xbk+Zpk+Zak+Zdk+ek 
Hypothesis Tested 
(Unconstrained likelihood, L1) 
i—=  1(Yla) 
Lj =l(Yl,a) ep 
L11 =i(Y,,a) 
L111 = 
Liv = l(Yla k ,a k ,a k ,(Y) 
Null Hypothesis 
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6.2.3.2 Inferences about the mode of gene action 
Testing significance of dominance variance can be accomplished within the frame-
work of the ADDITIVE test by fitting dominance effects at the most likely position 
as obtained from this test (say at position k in the linkage group). At this position, 
we include in the model the dominance effect with a covariance proportional to Si,j 
in addition to the additive effects, as the unconstrained model. The LRT is equal to 
minus twice the difference between log likelihood of these two models at position k 
(-2(Ljj - Liv), obtained from Table 6.2). 
Using the GENOTYPIC test, testing for dominance variance at the QTL can be 
carried out, computing minus twice the difference between the likelihood of the model 
in which no dominance effects were fitted (only additive effects of the QTL) and that 
of the unconstrained model, fitting both effects simultaneously (Table 6.2). This is 
calculated at the best position obtained from the GENOTYPIC test. 
Note that the location may differ between tests that were used to detect the QTL 
(ADDITIVE and GENOTYPIC) but on average both tests should give very similar 
locations if they are unbiased (see below). 
6.2.4 Simulations 
We investigated different alternatives using simulation of two generation outbred pedi-
grees structured as independent full sib families, with variable size and constant popu-
lation size (n=500). The genome analysed comprised a single linkage group of 50 cM 
with fully informative markers every 10 cM (6 in total), with a QTL placed at position 
25 cM. Phenotypes were simulated for parents and progeny with a broad sense hen- 
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Table 63: Parametric settings for the different scenarios used in the simulations 
Genetic Value 
Scenario a d d/a aj 
I 17.32 0 0 150.0 0 250.0 
II 17.32 12.25 0.71 150.0 37.5 212.5 
III 17.32 17.32 1.00 150.0 75.0 175.0 
IV 	17.32 24.49 1.41 150.0 150 	100 
where , cy and are the variances for additive and dom- 
mace effects at the QTL and polygenic effects, respectively. 
tability (including QTL and polygenic variance) equal to 0.4 and a constant additive 
genetic variance due to a biallelic QTL equal to 0.15. Allele frequencies at the QTL in 
the base population in linkage equilibrium were equal to 0.5. Dominance variance due 
to the QTL was simulated using different ratios of the dominance (d) and additive (a) 
effects (Table 6.3). For each case the residual genetic variance, due to variation under 
infinitesimal model assumptions, was varied such that it explained the remainder of 
the total genetic variance. Each of the alternatives used typical nuclear family sizes 
(including parents and progeny) of 10, 20 50 or 100, as observed in many livestock 
species. We calculate the significance thresholds for the different parametric settings 
for the null hypothesis of no QTL segregating. We also obtained the distribution of 
the test statistic used to detect dominance variance at the QTL (see previous section) 
under two different scenarios. In the first case, we simulated an additive QTL explain-
ing 25% of the total variance and a second case in which no QTL was simulated. The 
second alternative well reflects a situation where, for instance, empirical significance 
thresholds are required when analysing real populations and when using the permuta-
tion testing procedure (Churchill and Doerge, 1994). In both cases, we simulated 1000 
populations of 50 families of size 10. 
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6.3 Results 
6.3.1 Distribution of the test statistics under the null hypotheses 
6.3.1.1 Test statistics used to detect QTL 
The empirical distribution under the null hypothesis of no QTL for the different tests 
implemented is presented in Figure 6.1. Empirically test HI is distributed as x2 distri-
butions of between 1 and 2 degrees of freedom (DF); this is seen here irrespective of 
the family size evaluated in the present investigation. From this result, it is clear that 
there is very good agreement between the empirical distribution obtained here and the 
distribution of the LRT under the null hypothesis, as obtained previously by others (Xu 
and Atchley, 1995; Grignola et al., 1996, and also see previous Chapter). 
For the GENOTYPIC test there is no previous empirical evidence in the literature 
as to the distribution of this test under the null hypothesis. However, we would expect 
it to be distributed between 1/2j 2 and 1I2X distributions, since here we are testing 
(Y and (Y in many positions along the linkage group (Xu and Atchley, 1995). The 
simulation results show that the significance thresholds tend to be more conservative, 
with a distribution very similar to adistribution (Figure 6.1). Again, the family size 
has little effect on the significance thresholds. 
The distribution of the test statistic used to detect dominance variance conditional 
on the best location obtained when using the ADDITIVE test is unknown. We per-
formed two scenarios, with or without simulating additive effects at the QTL, for ob-
taining significance thresholds and the distribution of this test statistic without domi-
nance (as explained before in the section about the simulations). As is possible to see 
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Figure 6.1: Distribution of the test statistic (likelihood ratio test (LRT)) under the null 
hypothesis of no QTL. (a) Distribution of the test statistic under the null hypothesis of 
no QTL, obtained using the ADDITIVE test. (b) Distribution of the test statistic under 
the null hypothesis of no QTL, obtained using the GENOTYPIC test (including both 
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in Figure 6.2, there is very little difference between the significance thresholds and the 
shape of the distributions of this test obtained with these two alternatives. Also note 
that the significance thresholds tend to be more conservative than the one expected at 
a single position from a mixture x2 distribution of 1/2: 1/2X (for cx=0.05; 2.71 
Almasy and Blangero, 1998; Amos and de Andrade, 2001). Presumably, due to the 
fact that false positives are included in the ADDITIVE test statistic used to detect the 
best location (see below for power of the additive test under dominance). 
When using the GENOTYPIC test, the test of dominance variance was constructed 
as twice the difference between the likelihood of the GENOTYPIC model and the like-
lihood of the model in which only additive effects were fitted. This gave an empirical 
distribution very similar to a distribution 1/2:1/2Xjf (with a significance threshold 
similar to 2.71 for (x=0.05). This was again seen irrespective on whether a QTL of 
additive effects or no QTL was simulated (Figure 6.2). 
6.3.2 Empirical power of QTL detection 
The average LRT statistics at each position tested in the linkage group and power 
estimates (ct=0.05) over 100 replicates are presented in Figure 6.3 and Table 6.4, re-
spectively. Power was computed as the proportions of replicates with a value for the 
LRT greater than the average empirical significance threshold for all the alternatives 
considered in the previous section, since there was very little difference between the 
significant thresholds obtained for the different family sizes simulated. 
Power is very much influenced by the structure of the population. With a narrow 
sense heritability equal to 0.15 and a population comprising nuclear families consist- 
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Figure 6.2: Distribution of the test statistic (likelihood ratio test (LRT)) for dominance 
under the null hypothesis of no dominance. (a) Obtained at the best location from the 
ADDITIVE test. (b) Obtained as twice the difference between the model including 
or not including dominance, conditional on the most likely position of the QTL as 
obtained from the GENOTYPIC test 
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ing of parents and sib pairs, there is very little power to detect the QTL (Table 6.4). 
Increasing to 8 sibs or 18 sibs (a situation similar to that observed in pigs or poultry) 
improves power considerably. Since power is a non-linear function, increasing more 
than 50 sibs per family gives little or no additional power and has the disadvantage 
that for a fixed sample size increasing the number of sibs decreases the information to 
accurately estimate other parameters such as the polygenic variance. 
6.3.3 Power of the ADDITIVE test 
The ADDITIVE test was used to detect the QTL irrespective of whether the true model 
involved dominance or not. The power calculations are presented in Table 6.4 for the 
different family sizes simulated. We have found that two main trends in terms of power 
to detect the QTL in these scenarios; power increased asymptotically when increasing 
the family size (see also Chapter 4 for deterministic power in full sib structures) and, 
secondly, power increased when a dominant QTL was simulated. This suggests that 
most of the information about linkage between markers and QTL can be captured in 
the random model through fitting only the additive relationships conditional on marker 
data. Note that compared to other highly parametric methods, such as the fixed max-
imum likelihood method (Mackinnon and Weller, 1995; Georges et al., 1995), the 
variance component method requires no assumptions about the number of QTL alleles 
and it does not estimate allele frequencies. For this reason, power is expected to be 
related to the actual magnitude of the variances and variability of IBD probabilities 
(Williams and Blangero, 1999). As it can be seen in Figure 6.3, the mean test statistic 
at the position of the simulated QTL (25 cM) mirrored increases with the degree of 
dominance of the QTL. 
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Table 6.4: Power to detect QTL based on the ADDITIVE and GENOTYPIC test of 
linkage 
ADDITIVE test 
Family size Scenario I Scenario II Scenario III Scenario IV 
10 0.42 0.59 0.80 0.89 
20 0.80 0.92 0.97 0.98 
50 0.96 0.93 0.96 0.98 
100 0.98 0.93 0.94 0.98 
GENOTYPIC test 
Scenario I Scenario II Scenario III Scenario IV 
10 0.40 0.56 0.83 0.91 
20 0.79 0.92 0.98 1.00 
50 0.94 0.95 0.98 0.99 
100 0.97 0.93 0.94 0.98 
6.3.4 Power including dominance; GENOTYPIC test 
The power of the GENOTYPIC test tends to be very similar to the test that only in-
cludes additive effects in the model. In fact, absolute differences in power to detect 
the QTL were only at the most extreme case about 3% and this holds for all degrees of 
dominance simulated in the present examples (e.g. including overdominance, see Ta-
ble 6.4). There is a slight increase in the mean test statistic of this test when compared 
to the ADDITIVE test alone (about 10%, Figure 6.3), however this increase in test 
statistic is counterbalanced by the fact that this test has higher significance thresholds 
compared to the one obtained for the ADDITIVE test (see Figure 6.1). For this reason 
power remain very similar for both tests. The correlation between both test statistics is 
very high and consistent with the ratio between them (from 0.90 to 0.97). 
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Figure 6.3: Mean test statistic (likelihood ratio test, LRT) calculated at every centilMor -
gan of the linkage group simulated for the different family sizes considered. Figures 
a, c, e and g presents the results of the test that only uses additive effects (ADDITIVE 
test) for nuclear family sizes equal to 10, 20, 50 and 100, respectively. Figures b, d, 
f and h presents the results of the test including both additive and dominance effects 
(GENOTYPIC test), for nuclear family sizes equal to 10, 20, 50 and 100, respectively. 
Roman numerals within each graph (I, II, III and IV) correspond to a equal to 0, 37.5, 
75, 150 
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6.3.5 Estimating dominance variance 
6.3.5.1 Power of detecting dominance conditional on location 
Testing dominance at the best position as obtained from the ADDITIVE test assumes 
that the most likely position obtained from the ADDITIVE test is unbiased. This test 
have the advantage in that there is no need to fit the covariance structure due to domi-
nance at every position tested, and that it requires one to construct only once the dom-
inance relationship matrix conditional on marker information. Therefore, this strategy 
should be computationally more efficient. 
The first trend observed is that power to detect dominance variance is relatively 
low even in cases where overdominance was simulated (Table 6.5). In these scenar-
ios, dominance variance accounts for as much 15% of the total variance (Table 6.3). 
Secondly, the optimum family size in terms of power is around 50 individuals per fam-
ily, which is very similar to the optimum observed for the tests of linkage (Table 6.4). 
Power almost reached an asymptotic value when increasing the family size in excess 
of 50 individuals per family (Table 6.5). Finally, similar power is obtained whether or 
not the QTL was detected including dominance or not (Table 6.4). 
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Table 6.5: Power of detecting dominance, according to the conditional model (first 
estimating the most likely position of the QTL using the ADDITIVE test and then 
fitting dominance effects at this position) and with the GENOTYPIC test for detecting 
the QTL. 
Testing procedure 	Family size Scenario II 	Scenario Ill Scenario IV 
to detect QTL 
ADDITIVE 	10 0.12 0.30 0.53 
20 0.17 0.35 0.81 
50 0.30 0.48 0.82 
100 0.29 0.51 0.77 
10 0.17 0.37 0.52 
GENOTYPIC 	20 0.15 0.36 0.77 
50 0.26 0.49 0.79 
100 0.27 0.54 0.78 
Table 6.6: Position estimates according to the different testing procedures performed to 
detect the QTL. ADD represent estimates obtained using the model that only includes 
additive effects (TEST Ill) and DOM represent estimates obtained from the full model 
including dominance for detecting the QTL 
Scenario i  Scenario ii Scenario ifi 
Scenario IV  
Family size ADD 	DOM 
25.8 (10.5) 	26.6 (10.9) 
ADD 	DOM 
25.6 (10.8) 	24.6 (10.7) 
ADD 
25.8 ( 6.7) 
DOM 
24.1 (6.5) 25.5 (6.6) 24.7 (5.6) 
10 
20 25.0 (7.0) 24.9 ( 6.7) 25.4 ( 6.3) 25.0 ( 
5.7) 25.2 ( 5.6) 




25.2 ( 3.5) 
24.9 (3.0) 




24.5 (5.9) 	24.1 (6.0) 
25.1 (4.7) 25.1 (4.8) 
25.5 (5.0) 	25.8(4.8) 
24.6(6.0) 	25.3(5.6) 25.1 (6.5) 25.1 (5.3) 24.8 (4.2) 
25.2 ( 2.7) 
6.3.6 Estimates of QTL parameters 
6.3.6.1 Position 
Estimates of position obtained from both methods (ADDITIVE and GENOTYPIC) are 
presented in Table 6.6. In general, estimates of position obtained from both methods 
were empirically unbiased. This may be related to the fact that there is equal and com-
plete information for obtaining the IBD probabilities conditional on marker data (See 
van Arendonk et al., 1998, for an example of bias towards more informative markers). 
We note, however, that correlations between position estimates were only moderate-
high (ranging from 0.70 to 0.80) for complete dominance and medium in size for over- 
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Figure 6.4: Relationship between the difference of position estimates obtained when 
including or not including dominance to detect the QTL and the likelihood ratio test 
(LRT) for detecting dominance (using the GENOTYPIC test). The examples are given 
for complete dominance (a) and overdominance at the QTL (b). The family size was 
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dominance (0.50 to 0.60). This is because in some of the replicates estimates of posi-
tion were obtained biased towards opposite sides from the center of the chromosome. 
This has also been found in models involving dominance and inbreeding in which rel-
atively large shifts in position have been observed when including dominance in the 
analysis, even when this effect only borders significance (Perez-Enciso et al., 2001). 
To investigate this finding further, we calculated the correlation between the difference 
of position estimates from both models (including or not including dominance when 
detecting the QTL) and the LRT to test dominance at the most likely position from the 
model that includes dominance, in order to see whether changes in position are associ-
ated with a better fit of this model. A significant association should be obtained if shifts 
in position estimates between both models are due to the incorporation of dominance. 
An example of such trend is presented in Figure 6.4. This Figure clearly show that 
there is little, if any, evidence that suggest that changes in position are due to better 
fit given by dominance in the model. Note that the example gave maximal power to 
detect the QTL, but the same trend was observed when the power to detect the QTh 
was small (data not shown). 
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6.3.7 Variance components 
6.3.7.1 Bias due to model mispecification 
Using the model that only incorporates the additive component gave biased estimates 
of variance components, if the true model incorporates dominance. This bias, due to 
model mis specification was measured using the relative mean bias (RMB) which was 
calculated as: 
E (di-O) 
RMB = 	100 	 (6.3) 
ei 
where Oi is the simulated value of the ith variance component and ^denotes the estimate 
from each replicate simulated. 
Neglecting dominance in the model produced upwardly biased estimates of the 
additive variance due to the QTL, and the actual bias is clearly a function of the mag-
nitude of the dominance variance (Figure 6.5a). Due to the fact that the power of the 
variance component method is related to the magnitude of the variance component 
considered (Williams and Blangero, 1999; Goring et al., 2001), this may explain why, 
under dominance, the power of the simple ADDITIVE test is very similar to the test 
that includes dominance in the model. Interestingly, bias of the polygenic variance 
was more related to the population structure and not to model misspecification, i.e. the 
additive variance at QTL was overestimated at the expense of the polygenic variance 
(see Figure 6.5.b, for the smallest family size simulated and the scenario where no 
dominance was simulated). Finally, compare to the additive variance at the QTL, the 
residual variance was slightly overestimated but this was more evident for the smallest 
family size. 
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Figure 6.5: Empirical relative mean bias (RMB) due to model misspecification and 
according to the different levels of dominance and family size. (a) Additive genetic (b) 
polygenic and (c) environmental variance. Roman numerals 1,11,111 and IV correspond 
to the dominance variance at the QTL (a) equal to 0, 37.5, 75, 150, respectively. Lines 
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6.3.7.2 Estimates of additive and dominance variance 
Estimates of total genetic variance were estimated well overall; however, estimates 
of additive and dominance variances tend to show a slight (up/downward) bias (Table 
6.7). The polygenic variance tends to be overestimated at the expense of the additive 
genetic variance of the QTL, especially for the largest family size and where over -
dominance simulated. Concomitantly, standard deviations of the polygenic variance 
among replicates tend to be very large, as expected due to the small number of families 
used for estimation under these circumstances. Including dominance in the model to 
detect QTL produce only a small decrease in the accuracy of estimates when the true 
model is additive (see results from scenario I, where there is no dominance variance 
simulated at the QTL). In general, it appears that only slightly smaller estimates of the 
dominance variance are obtained when only additive effects are used for detecting the 
QTL, compare to the ones obtained using the full model that incorporates both additive 
and dominance effects to search for QTL. 
C) 
Table 6.7: Estimates of variance components (standard deviation in parenthesis) according to different family sizes and levels 
III 	for the model that includes additive and of dominance variance at the QTL with the model including dominance. stands 
for QTL and IV stands for the model that only includes additive effects to detect the QTL when dominance dominance to search 
E 
is subsequently fitted at the most likely position of the QTL. All 
scenarios considered a fixed value of the additive variance at 
CQ 
the QTL equal to 150, for scenarios I, II, Ill and IV, the variance components were equal to 0, 37.5, 75, 150 and 250, 212.5, 
(See Table 6.3 for more details on 
CD 
175, 100, for the dominance variance at the QTL and the polygenic variance, 
respectively 
Sb 
OZ  simulations). 
L111 GENOTYPIC MODEL Liv ADDITIVE MODEL 
Scenario 	Family size 
10 263 (141) 	132 (85) 	42 (58) 567 (88) 
253 (140) 	144 (79) 	31(50) 576 (85) 
I 
II 10 227(145) 	143(111) 61(64) 587(90) 
	
212(140) 	161(101) 45(56) 
145(126) 	169(113) 	89(75) 
600(84) 
605(81) CA CD 
III 10 
10 
158(135) 	152(121) 	108(84) 
116 (108) 	149 (114) 156(89) 
592(87) 
588(85) 105 (100) 	165 (107) 137 (90) 601 (84) IV 
I 20 284(140) 	129(71) 	29(42) 565(93) 
586(104) 
279(137) 135(67) 	25(38) 





223(152) 149(83) 49(55) 
202 (156) 	157 (93) 	83 (69) 579 (94) 196 (155) 164 (92) 	
75 (64) 585 (92) 
III 
N 20 121(123) 	119(112) 183(86) 583(76) 
114(116) 	131(106) 170(83) 591(74) 




279(237) 143(55) 	11(21) 









234 (242) 	141 (105) 	78 (69) 573 (120) 231 (239) 	147 (104) 	
72 (66) 576 (118) 
IV 50 134 (168) 	163 (130) 146 (92) 587 (99) 
131 (167) 	171 (127) 136 (92) 
285 (315) 147 (71) 	10 (20) 
593 (100) 
573 (166) 
- 	 I 100 
100 
288 (316) 	145 (74) 	13 (23) 
279(276) 	145(102) 37(46) 
571 (167) 
571(137) 276(274) 	148(101) 33(43) 573(136) II 
III 100 214(264) 	138(122) 	70(69) 580(141) 
567(154) 
210(261) 	144(120) 	65(69) 
160(299) 	117(138) 	147(112) 
583(140) 
574(153) 
IV 100 164(303) 	110(140) 	156(112) 
ro 
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6.4 Discussion 
In this Chapter different models for detecting QTL under the variance component 
method have been studied. It is customary to fit only additive effects to search for 
QTL, using this method for detecting QTL. However, similar power is obtained for de-
tecting the QTL, irrespective of whether there is non-additive genetic action influenc-
ing the trait under consideration. Since the variance component method for detecting 
QTL does not include recombination between markers and the QTL in the model, a 
profile likelihood ratio test is required to estimate the most likely position of the QTL. 
For this reason, estimates of position may differ according to the models fitted to the 
data, but the results obtained here suggest that shifts in position are not due to a better 
fit when including dominance, i.e. unbiased estimates of position are obtained with or 
without more sophisticated models (such as those including dominance). Note that still 
some gain in accuracy can still be obtained when including dominance effects in the 
model of analysis, but this was only evident when there is overdominance. The same 
results have been found in empirical data Perez-Enciso et al. (2001), where relatively 
large changes in position estimates have been found when including dominance in the 
model, in situations where the value of this test borders significance. 
In a literature review regarding QTL analysis in plants, it has been shown that more 
than 50% of all the QTL surveyed found evidence of dominance and overdominance. 
These results, however, are likely to be due to the low power of detecting dominance, 
which will cause bias due to the significance threshold imposed to declare that a QTL 
is real (Kearsey and Farquhar, 1997). So the interpretation of a significant result should 
be considered with caution, especially taking into account that in outbred populations 
the power to detect dominance is expected to be low (Table 6.5). This can be partic- 
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ularly extreme in outbred populations where the family size is relatively low, markers 
may not be fully informative and the proportion of the parental crosses that is expected 
to be completely informative is small. 
We have considered so far the ideal scenario where gene frequencies for the Ma!-
lelic QTL were equal and therefore dominance variance is expected to be maximal. 
Here we relax this assumption and considered cases where the gene frequencies for 
the recessive gene were equal to 0.25 and 0.75 and we keep all the rest parameters at 
the same value with a family size equal to 50. We have found maximal power to detect 
the QTL when the gene frequency of the recessive gene equals 0.75. This is because 
the additive genetic variance increases considerably. The test statistic at the most likely 
position of the QTL was 32% greater than the one obtained at equal gene frequencies. 
Estimates of genetic parameters in this case are very similar to the expected values. 
Simulating a bi-allelic QTL with a frequency for the recessive gene equal to 0.25 gave 
expected values of the additive and dominance genetic variance equal to 28.13 and 
42.19 respectively, and therefore we may expect loss in power to detect the QTL. The 
result of the simulations indicate that power to detect the QTL is reduced by about 
40%. The ability to detect dominance was further reduced, by about 44% compare to 
QTL with equal gene frequencies. Figure 6.6 again gave evidence of a much reduced 
likelihood ratio, which was 5 times smaller than the one for equal gene frequencies. 
All these results point out the difficulties encountered in practice when detecting QTL 
in outbred populations. 
The random model utilized here is completely general and can potentially accom-
modate individuals obtained from crosses between outbred lines, such as F2 individ- 
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Figure 6.6: Mean likelihood ratio test (LRT) along the chromosome for a gene with 
equal gene frequencies and a recessive gene with gene frequency equal to 0.75. 
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uals and this could be an attractive alternative to the within sire regression approach 
(de Koning et al., 2002). In practice however, computation of TED probabilities require 
more sophisticated methods that can deal with unknown linkage phases and with less 
informative markers. An appealing alternative, although computationally intensive one 
is to use MCMC approximations to the coancestry conditional on marker data in which 
the model would include not only within population covariances but also the between 
line information (Perez-EnCisO et al., 2000, 2001). Further research in this area is cer-
tainly required in populations comprising more than two generations to investigate the 
behaviour of this method in practice. 
Chapter 7 
Approaches To Mapping Multiple 
Correlated Traits Using The IBD Based 
Variance Component Method 
7.1 Introduction 
Univariate quantitative trait loci (QTL) detection has been well established as an aid 
to localize genes affecting several traits of economic importance (AndersSOfl 2001) 
or to shed light on the dynamics of speciation under divergent selection (Hawthorne 
and Via, 2001). This type of analysis opens the possibility to test for linkage versus 
pleiotropY. In real experiments, an explanation for finding QTL for correlated traits that 
map at similar positions is that there might be a single QTL with pleiotrOpic effects. 
However, the underlying true biological explanation of such an observation could also 
be the presence of two linked QTL, each influencing the expression of a single trait 
(Falconer and Mackay, 1996). Even when a single QTL exerts pleiotrOpic effects 
154 
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on many traits, the estimated positions as obtained from the univariate analysis can be 
quite different under the single trait analysis. From a statistical point of view, the use of 
correlated traits may increase the power of detecting QTL and concomitantly increase 
the precision of important parameter estimates in the QTL mapping problem (Jiang 
and Zeng, 1995; Wu et al., 1999; Knott and Haley, 2000; Ma et al., 2002). In spite 
of the theoretical advantages of these methods, this approach has not been considered 
widely. 
The general framework of multi-trait QTL analysis has been recently developed 
from crosses between inbred lines, using regression analysis (Wu et al., 1999; Knott 
and Haley, 2000). However, it is difficult to know how to extend these regression meth-
ods when the idea is to analyse complex pedigress in general outbred populations. Al-
though computationally intensive, using the variance component method to map QTL, 
it is straightforward to combine information from different types of design in single 
or multi-generational pedigrees (Xie et al., 1998a; Almasy and Blangero, 1998). In 
fact, this method has been used to discriminate between linkage and pleiotropy in hu-
man populations (Almasy et al., 1997; Williams et al., 1999). The idea proposed by 
these authors is that the likelihood of the pleiotropic QTL model (i.e. in which the full 
covariance structure is fitted, assuming a single QTL influencing both traits simultane-
ously) is maximized along the linkage group under consideration. At the most likely 
position of this test, the likelihood ratio test is calculated as twice the difference of this 
model and the model in which the correlation at the QTL is constrained to zero (under 
this framework, they refer to this model as the linkage model). They also compare the 
likelihood of this model to the likelihood of a model in which the correlation is con-
strained to 1 (or -1) and they refer to this model as the "complete pleiotropic" model. 
The sign of the correlation to be constrained in this case is assumed to be equal to the 
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sign of the polygenic correlation. It is unclear how this procedure can be extended 
to cases where, more generally, we are not interested to test whether the correlation 
between QTL effects is unity, since we do not know "a priori" what the true model is 
at the QTL for all traits under consideration. Departures from the extreme values (1 or 
-1) of the correlation at the QTL, for example in biallelic models, can be expected in 
multilallelic models when the the correlation depends on the value of the covariance 
of the QTL allelic effects. 
The objective of the present study was to investigate an approach that makes use of 
all available information on multiple correlated traits, under the pleiotropic QTL model 
in outbred populations. Also, an attempt was made to address to what extent alternative 
models of inheritance can be identified under the variance component method, bearing 
in mind the difficulties of interpreting the outcome of testing procedures in practice. 
We used simulated data under two main genetic models; in the first case we simulated 
a multi-allelic QTL in which QTL effects followed a multivariate normal distribution, 
and in the second we used the standard additive biallelic QTL model of equal gene 
frequencies in which the correlation between the traits at the QTL is equal to one, 
independent of the allelic effects (Verrier, 2001). 
7.2 Materials and methods 
7.2.1 Multivariate mixed model 
In the univariate linkage analysis, we are interested in modelling genetic covariances 
between individuals, both due to genes under infinitesimal assumptions and due to a 
QTL in the linkage group under analysis. The univariate mixed model can be expressed 
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in matrix notation as (see model 1.1 page 7 for a full explanation of the model): 
Y=Xb+Zp+Za+e (7.1) 
where, V is the vector of observations for the trait under analysis, b is the vector of 
fixed effects and covariates, p is the vector of polygenic effects contributed by many 
genes of infinitesimal effects, a is the vector of additive genotype effects at the QTL 
and e is the vector of residuals. The covariance structure under this model of analysis 
is proportional to: 
V = A + 2I + 	 (7.2) 
where A is the numerator relationship matrix, 	is the variance due to the polygenic 
component, c1 is the coancestry between relatives given marker data, is the additive 
variance at the QTL,I is an identity matrix and cr 2 is the residual variance. 
When we are interested in modelling all traits jointly, we combine all the in-
formation under a multi-trait model. We called this model in this context the "full 
pleiotropic" model. For two traits this model is equal to (keeping the notation for ef-
fects, introducing subscripts to denote different traits and denoting the two traits as Tn 
and Tr2): 
Yi 	X1 0 	bi 	Z1 0 	 Z1 0 	at 
= 	 + 	 + 	 + 	(7.3) 
Y2 	0 X2 	b2 	0 Z2 	p2 	0 Z2 	a2 	e2 
In this multi-trait model the covariance structure at the QTL, residual and polygenic 
effects has the following form (assuming no missing values): 












A 22 	2a1 ,a2 	24a 2 	'(e1,e2 	'e2 
For analysing a pleiotropic QTL we need to maximize the full residual likelihood 
at each position in the chromosome, and then construct a likelihood ratio test (LRT) 
calculated as —2 (LogL (NO QTL PRESENT) - LOgL(QTL PRESENT). The greatest value of 
this test statistic (greater than the significance thresholds) is assumed to be the best es-
timate of the position for the pleiotropic QTL. The likelihood (LogL(NO QTL PRESENT)) 
was obtained by maximizing the likelihood in which , and were con-
strained to 0. Alternatively, LOgL(QTL PRESENT) was maximized, unconstraining co-
variances at the QTL. 
The linkage model is constructed solely for the purpose of developing a frame-
work that enables us to test the hypothesis of pleiotropy versus linkage. This model is 
constructed conditional on the best two estimates of the locations obtained previously 
using the univariate analysis. To obtain the individual positions for the two traits un-
der analysis, we can carry out these analyses with or without the information from the 
residual and polygenic covariances between the two traits. The results from a prelim-
inary set of analyses suggested that the LRT of the standard univariate model at the 
best location were very similar to the LRT obtained using the covariance structure of 
the polygenic and residual effects in the analysis for finding the two QTL locations. 
The computation time for the later alternative was much higher. For this reason, the 
standard univariate model was used to obtain the most likely positions of the two QTh 
each affecting one trait. In this set-up, the linkage model combines information from 
the two QTL (each affecting one trait) under a model in which we allow for a cone- 
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lation between traits for the residual and polygenic effects. The linkage model in this 
case is equal to: 
lY1 1 = lxi o 1 b1 	 0  1 l 	1 + [ zi 01 [011+ 0 
[Y2j 	10 Xzj 	b2 	1 0  Z2J[p2J 	1 0 0j10J 	0 
The covariance structure under this model is equal to: 
0  1 [o 






Aa2 Aa 2cIa 0 	0 	0 	Ia2 jy 
V 
= 	 Pt 	P1, P2 + 
	
1 	
+ 	 + 	
e1 	1,2 
 (7.6) 
Aap1 ,p2 AG 2 	0 0 0 2:Ia 2 	Jae1 ,e2 IG 
For simplicity, we have only considered the analysis using models in which we 
know that in the true model covariances are different from zero for the polygenic as 
well for the residual effects (see next section). In practice, testing different models (in 
which we estimate or not a covariance for either the polygenic and residual effects) 
should be carried out with nested models using likelihood ratio tests. 
7.2.2 Simulations 
7.2.2.1 Molecular data 
A single linkage group was simulated comprising 11 markers placed every 10 centi-
Morgans (cM). As the standard scenario, we placed a QTL in position 25 cM, with 
either pleiotropic effects (affecting both traits simultaneously) or influencing a single 
trait. To simulate the scenario in which we allow for two QTL each influencing a sin-
gle trait, we simulate another QTL in the fifth interval at position 45 cM so that the 
QTL were 20 cM apart in the linkage group, with an empty interval in between. This 
scenario was selected because in this case the expected covariance between the two 
QTL is zero (Hoeschele et al., 1997). 
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7.2.2.2 Pleiotropic and close linkage models 
We consider simulations of two different genetic models of the pleiotropic QTL. In 
the first case, we assume an infinite multi-allelic QTL with normal effects from a base 
population in linkage equilibrium. Alleles were sampled randomly from a bivariate 
normal distribution. I also considered in selected cases, a standard biallelic QTL with 
equal gene frequencies. The biallelic QTL explained the same amount of the pheno-
typic covariance between the traits, as was simulated for the multi-allelic model. Two 
levels of additive genetic variance at the single pleiotropic QTL were simulated; firstly 
the QTL was simulated with equal variances for the two traits (either 250 or 100) and 
secondly with variances that differ in magnitude for the two traits considered (250 and 
50 for the first and second trait, respectively). The correlation between the traits at 
the multiallelic QTL was equal to 0.5. The polygenic component was sampled from a 
multivariate normal distribution, and we consider in this case variances of equal mag-
nitude for both traits (250). The correlation of the polygenic effects for both traits 
was either positive or negative, with an absolute value equal to 0.5. The residual co-
variance structure gave an estimate of the residual correlation equal to 0.5 and with 
residual variances equal to 650 and 600 for the first and second trait, respectively. For 
the linkage scenario, we used the same magnitude of the variance components as those 
used for the pleiotropic model. Only the model of normal QTL effects was considered 
in this case. In all scenarios, we considered a population consisting of 200 nuclear 
families of size 10 (2 parents and eight offspring) and 20 replicates were run for each 
case. Table 7.1 summarizes the different scenarios considered. 
The matrix of coancestries conditional on marker information ((1) were obtained 
using the deterministic method outlined in Chapter 6 for completely informative mark- 
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Table 7.1: Summary of the scenarios considered in the pleiotropic QTL model and 
linkage model. 
Scenario el C ra l,a2 
I 650 600 250 250 250 250 0.5 0.5 0.5 
II 650 600 250 250 100 100 0.5 0.5 0.5 
In 650 600 250 250 250 50 0.5 0.5 0.5 
IV 650 600 250 250 250 50 0.5 -0.5 0.5 
a2 and r denotes variance and correlation, respectively. Subscripts e, p and a denotes 
residual, polygenic and QTL effects for traits 1 and 2 (TH and Tr2, respectively). 
ers. Estimates from fitting all these models were obtained using ASREML (Gilmour 
et al., 1999). 
7.2.3 Empirical data set 
The data set used comprised a linkage group of about 120 cM, that previously showed 
evidence of QTL influencing time at hatching (TTH) and embryonic length (LEN) 
(see Chapter 5) in a cross between two clonal lines that show evidence of segregation 
of QTL (see appendix B for a description of the data set). The most likely positions 
of the two QTL (i.e. one for each trait) as obtained from the univariate analyses for 
linkage group V were within a single marker bracket, and therefore no attention was 
paid to comparing the pleiotropic and the linkage model. The mixed model fitted as 
fixed effects temperature and the presence of deformities for both traits, and as covari-
ables 6 unlinked markers, more specifically the genotypes at the marker locations. At 
each centiMorgan position, we constructed the corresponding IBD matrices for double 
haploid individuals, using the expectation method presented in Chapter 5. Twice the 
coancestry between two double haploid sibs can be expressed as: 
E(24,,) = P,T CPJ 	 (7.7) 
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where P1 and P are vectors of conditional probabilities of genotypes QQ or qq, given 
marker information for individuals i and j (see Chapter 4 Martinez et al., 2002a) and 
C is a square matrix with diagonal elements equal to 2 (twice the coancestry between 
individuals inheriting the same QTL genotype) and 0 otherwise. 
7.2.4 Hypothesis testing 
7.2.4.1 Univariate and linkage analysis 
For consistency with previous Chapters, the standard likelihood ratio test for the pres-
ence of a QTL at a particular position of the linkage group was used under the uni-
variate linkage analysis to obtain the most likely position of the QTL. In this instance, 
the likelihood ratio test statistic was equal to —2 (LOgL(CONSTRA!NED MODEL, NO QTL) - 
LOgL(UNCONSTRAINED MODEL, QTL PRESENT)) The distribution of the test statistic un-
der these circumstances should follow a X2  in between 1 and 2 with degrees of freedom 
(see Chapter 5 and 6) for the univariate QTL analysis. 
For the pleiotropic model, the distribution of the test statistic under the null hypoth-
esis of no QTL should be close to a central X2  with 4 degrees of freedom, and we are 
testing jointly covariances (two variance components and the covariance between the 
two traits at the QTL) and the position of the QTL in the linkage group. In this case we 
are testing each position along the chromosome (the position of the highest likelihood 
ratio test is sought to be the most likely position of the QTL). 
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7.2.4.2 Model Comparison: Pleiotropy versus linkage 
Often we are motivated to compare models describing linkage versus a single pleiotropic 
QTL. The linkage model is constructed using the most likely positions from the uni-
variate analysis with one QTL affecting each trait. The pleiotropic model is fitted at 
the most likely position in which we use information jointly from all the traits included 
in the analysis and their covariance structure ("full pleiotropic" model). Since the po-
sitions obtained from both univariate models are not necessarily the same as the one 
obtained from the pleiotropic model, testing the hypothesis of two linked QTL versus a 
single pleiotropic QTL involves comparing models that are not nested and the standard 
likelihood ratio tests cannot be used under these circumstances. The Akaike Informa-
tion Criterion (AIC) can be used as a comparison criterion for non-nested models, and 
in genetics this criterion has been previously used for selecting models incorporating 
a number of covariables in the framework of multiple QTL models (Jansen, 1993). 
In this particular case, this criterion was used to compare models in which a single 
pleiotropic model or two QTL each affecting a different trait best explains the data. 
The AIC enables likelihood-based comparisons based on the minimum value of the 
AIC, penalizing the likelihood for the number of parameters involved in the model. 
The AIC can be calculated at the maximum value of the likelihood as: 
AICMODEL = — 2(L - (Number of parameters in the model)) 	(7.8) 
where L is the maximum value of the log likelihood for the models considered. 
For the pleiotropic model, 9 parameters were fitted, corresponding to the covari-
ance components of residual, polygenic and QTL effects. For the linkage model, we 
modelled 8 parameters, corresponding to the covariance components for the residual 
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and polygenic variances and the variances corresponding to the positions selected at 
the two QTL. We expect that the difference between the AIC values of the two mod-
els, obtained from the pleiotropic and the linkage model, i.e. AJC(pLEJOTROpJC MODEL) 
- AIC(L!NKAGE MODEL) is negative when the pleiotropic model fits the data better and 
positive when the linkage model fits the data better. 
7.3 Results 
7.3.1 Simulation: pleiotropic and linkage models 
In Table 7.2, the mean LRT statistics over the 20 replicate populations as obtained 
from the univariate and the pleiotropic analyses are presented. AIC values for the link-
age and the pleiotropic models are also included in this Table. In general, with the 
univariate analysis it was rather difficult on average to obtain a mean LRT over the sig-
nificance level (5.16) assumed for the univariate analysis, when it explain a relatively 
small proportion of the observed variance of one trait. For the pleiotropic QTL simu-
lated in scenarios III and IV, the mean LRT was smaller than the significance threshold 
of the univariate test for the second trait under analysis (Tr2) and this was observed for 
almost all the replicates simulated. The same was found when the simulations involved 
the QTL model under linkage (Table 7.2). 
On average it was difficult to select whether the pleiotropic or the linkage model 
best explained the data (Table 7.2). Based on the AIC, only the scenario in which the 
QTL with the largest effect on both traits was simulated (Scenario I) correctly iden-
tified the true pleiotropic model as the one fitting best the data. For the rest of the 
alternatives simulated, it appeared that there was much less information for correctly 
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Table 7.2: Model comparison criteria using the variance component method for a sin-
gle, pleiotropic and linkage model. 
SIMULATION:PLEIOTROPIC MODEL 
- 	 Scenario 
Model comparison I II Ill IV 
UNI-Tri a 31.49 8.24 31.74 31.49 
UNITr2cz 37.54 10.05 4.72 4.8 
PLEIOTROPYb 71.14 18.95 42.98 35.05 
AIC-NOQTL 30961 30528 30696 31027 
AICPLEIOc 30895 30515 30659 30998 
AIC-LINK' 30905 30516 30660 30999 
DIFF:PLEIO-LINK e -9.92 -0.97 -1.55 -0.64 
SIMULATION:LINKAGE MODEL 
Scenario 
I 	II 	III 	IV 
UNI-Tri a 	 34.45 9.35 34.45 34.45 
UNITr2a 33.8 	7.84 	3.15 	3.35 
PLEIOTROPY' 	84.98 24.51 50.59 39.71 
AIC-NOQTL 31275 30691 30828 31122 
AICPLEIOc 	31197 30672 30782 31089 
AICLINKd 31174 30668 30780 31086 
DIFF: PLEIOL1NKe 22.75 4.61 	2.00 	3.09 
0  calculated as the maximum value along the chromosome of twice the difference between 
the likelihoods of the models under the null hypothesis (no QTL) versus a single QTL. 
' calculated as the maximum value along the chromosome of twice the difference between 
the likelihoods the model under the null hypothesis (no QTL) versus a single pleiotropic 
QTL. 
C calculated using the maximum value of the likelihood fitting a pleiotropic model along 
the chromosome. 
d calculated using the maximum value of the likelihood along the chromosome fining a 
single QTL in the univariate analysis of TrI and TO. 
ed negative values indicate better fit of the pleiotropic model. 
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selecting the pleiotropic model. In all cases, the difference in AIC values was smaller 
than the threshold of 2 suggested previously based on asymptotic arguments (Jansen, 
1993, Table 7.2). Little difference was observed in the AIC values when the sign of 
the correlation of the polygenic effects was negative, and in the opposite direction to 
that simulated for the QTL (scenario IV) compared with when it was in the same di-
rection. A simulated biallelic QTL using the same parameters as scenario Ill gave a 
greater mean difference of AIC between the pleiotropic and linkage models compare 
to the multi-allelic model. The mean difference was equal to -6. Presumably, this may 
be due to the fact that the genetic correlation was unity and that there are greater de-
creases in AIC values compared to a multi-allelic QTL model with normal effects (in 
which the covariance was simulated to give a correlation equal to 0.5). 
When the data were simulated under the linkage model, the method more often 
identified the correct model (Table 7.2), but this was only more evident when the two 
QTL explained the same amount of the total variance (Scenario I and II). For the other 
scenarios simulated (III and IV) this was less clear. 
7.3.2 Parameter estimates 
7.3.2.1 Simulation: Pleiotropic model 
On average, heritability estimates for the QTL were very well estimated under the bi-
variate linkage analysis when the data was analyzed with the true model (Table 7.3). 
The same holds to a certain extent for estimates obtained from the univariate analy-
sis, but for the linkage model (which is incorrect) the polygenic heritabilites tend to 
be overestimated, especially for scenario I. The practical importance of these results, 
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however, is hampered by the fact that there is not sufficient information to select the 
pleiotropic model over the linkage model as the best model to explain the data. Still, it 
is interesting to note that the univariate analysis gave estimates close to the simulated 
values. 
Even for the most powerful scenario (Scenario I), the genetic correlation between 
the polygenic effects was under-estimated at the expense of the relative increase of 
the QTL correlation. Nevertheless, estimates have high standard deviations and the 
observed discrepancy from the true value of the genetic correlation may be due to 
chance. Position estimates were in all cases similar to the simulated value (position 25 
cM) but standard deviations were reduced compared to the univariate analysis (Table 
7.5). This is consistent to what has been observed previously for the inbred lines cross 
design (Knott and Haley, 2000). 
7.3.2.2 Simulation: Linkage model 
When the true model involves two linked QTL separated by 20 cM (simulated at po-
sitions 25 cM and 45 cM), the univariate and linkage models gave average heritability 
estimates very similar to the simulated values (Table 7.3). The same was found on 
average for estimates obtained from the pleiotropic model. 
Position estimates tend to be well estimated in the univariate analysis (Table 7.5). 
This was more evident when the QTL were simulated with variances of equal magni-
tude (Scenarios I and H). For scenarios III and IV in which the QTL were simulated 
with different variances, differences were less clear. The position estimates at the QTL 
of lower variance tended to be biased towards the QTL that explain a greater propor- 
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Table 7.3: Mean estimates of parameters (overall replicates) obtained from the 
pleiotropic, linkage (in bold) and the univariate analysis (in italics) for the different 
scenarios considered in this Chapter. Results from scenario IV were largely similar to 
scenario III and therefore are not shown) 
SIMULATION 
Scenario PLEIOTROPIC MODEL LINKAGE MODEL 
0.21(0.08) 0.21(0.05) 0.19(0.08) 0.19(0.06) 
h 1 0.31(0.07) h 1 0.11(0.04) h 1 0.17(0.06) h 1 0.21(0.04) 
(0.22) 0.21(0.07) (0.22) 0.21(0.65) (0.22) 0.15(0.06) (0.22) 0.23(0.04) 
0.21(0.06) 0.23(0.04) 0.34(0.08) 0.17(0.06) 
h 2 0.31(0.05) h 2 0.14(0.03) h 2 0.31(0.07) h 2 0.19(0.04) 
(0.23) 0.20(0.05) (0.23) 0.23(0.04) (0.23) 0.29(0.07) (0.23) 0.22(0.04) 
0.24(0.07) 0.10(0.05) 0.11(0.04) 0.09(0.05) 
h 1 0.29(0.06) h 1 0.05(0.04) h 1 0.23(0.05) h 1 0.09(0.04) 
II (0.26) 0.23(0.07) (0.10) 0.10(0.04) (0.26) 0.21(0.05) (0.10) 0.11(0.04) 
0.25(0.05) 0.11(0.04) 0.33(0.06) 0.07(0.04) 
h 2 0.29(0.04) h2 2 0.07(0.03) h 2 0.32(0.06) h2 2 0.08(0.03) 
(0.26) 0.23(0.04) (0.11) 0.12(0.04) (0.26) 0.30(0.06) (0.11) 0.10(0.04) 
0.23(0.09) 0.20(0.06) 0.18(0.06) 0.20(0.06) 
h 1 0.28(0.07) h 1 0.15(0.04) h 1 0.18(0.05) h 1 0.20(0.04) 
III (0.25) 0.23(0.07) (0.25) 0.10(0.04) (0.25) 0.15(0.06) (0.25) 0.23(0.04) 
0.25(0.04) 0.07(0.03) 0.31(0.06) 0.03(0.03) 
h 2 0.29(0.03) h 2 0.03(0.02) h 2 0.31(0.05) h 2 0.04(0.03) 
(0.26) 0.23(0.04) (0.07) 0.12(0.04) (0.26) 0.28(0.06) (0.07) 0.06(0.04) 
h 1 and h 2  are the heritabilities of the QTL effects for trait 1 (Tn) and trait 2 (Tr2), respectively. h 1 and h 2 are the henitabilities of 
the polygemc effects for trait 1 (Tr) and trait 2 (TO), respectively. 
Table 7.4: Mean estimates of correlations (with standard deviations between parenthe-
sis) obtained from the "full pleiotropic" model overall replicates with data simulated 
under the pleiotropic model. 
Parameter True value 	 Scenario 
I 	II 	Ill 	IV 
Tel,e2 	 (0.5) 	0.59(0.04) 0.57(0.04) 0.58(0.04) 0.57(0.04) 
rk 1,2 (±0.5) 0.34(0.19) 0.42(0.18) 0.40(0.19) -0.39(0.2) 
ral,a2 	(0.5) 	0.56(0.07) 0.59(0.20) 0.53(0.21) 0.50(0.21) 
ral,a2, rpl,p2 and rel,e2 are the correlations of the QTL, poly -
genic and residual effects, respectively. 
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Table 7.5: Mean parameter estimates of position (over all replicates) obtained from 
the univariate model for trait 1 (UNI-Tri), univariate model for trait 2 (UNI-Tr2; in 
bold) and the pleiotropic model (in italics) for the different scenarios considered in 
this Chapter (in roman numerals, scenarios I, II, III and IV). 
SIMULATION 	 Scenario 
I II Ill IV 
26.5(4.2) 26.2(7.2) 26.0(3.3) 26.5(4.3) 
Pleiotropic 	26.6(3.5) 27.3(6.3) 27.2(7.6) 24.7(7.9) 
Model 	25.0(1.7) 27.8(5.6) 263(2.6) 269(5.2) 
26.6( 2.0) 30.6(10.9) 26.6( 2.0) 26.6( 2.0) 
Linkage 	46.0( 3.0) 45.2(10.7) 35.2(19.0) 33.5(13.0) 
Model 33.2( 6.9) 33.l( 7.9) 30.2( 8.5) 27.5( 6.6) 
tion of the variance for the first trait (Tr). The pleiotropic model gave on average a 
QTL position in between the two QTL at position 35 cM when the variance of the QTL 
was similar. 
7.3.3 Empirical data 
The results obtained from the data of rainbow trout gave evidence of a QTL influencing 
both traits (time at hatching and embryonic length) simultaneously (Figure 7.1). The 
likelihood of the pleiotropic model was more than twice the likelihood of LEN at 
the most likely position of this model (16 cM). The heritability estimates under the 
pleiotropic QTL model were 0.47 and 0. 19, for LEN and TTH, respectively. In both 
cases, there was an increase in the heritability compared to the univariate analysis (0.44 
and 0.047, for LEN and TT'H). The correlation at the QTL was negative (-1) which is 
consistent with the sign of the phenotypic correlation among traits (445). 
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Figure 7.1: Likelihood ratio test statistics obtained under the univariate model of em-
bryonic length (LEN-UN!) and time at hatching (TFH-UNI), and the pleiotropic model 
(MULTI), for linkage group V 
11 	 cv) 
CD i—Cv) 	CD 
	
It . 

























0   
M M 
Chapter 7 Multi-trait REML Analysis 
	 171 
7.4 Discussion 
In this Chapter, an extension of the variance component method for linkage analysis 
to multiple traits in outbred populations has been developed. The results presented in 
this Chapter exemplify the difficulties that may be encountered in practice when trying 
to discriminate between alternative models of inheritance. The QTL should explain a 
considerable amount of the total variance for us to be able to identify the correct model 
of inheritance. A very recent example in the literature of dairy cattle clearly shows 
that it is difficult to select which model may explain satisfactorily the multivariate data 
(Freyer et al., 2002). 
For the linked QTL model we have assumed that there is no covariance between 
the two QTL, i.e. we have assumed that each QTL independently influences a dif-
ferent trait. This is in accordance with the simulations in which covariances between 
the two QTL are expected to be zero. It is likely that this assumption would only be 
approximate if the two positions obtained in the univariate analysis are very close to 
each other, i.e. if the QTL are located in adjacent intervals or information from multi-
ple markers is used jointly (Hoeschele et al., 1997). Note however, that in practice, if 
two loci are closer together there is little power to discriminate between pleiotropy and 
linkage (Knott and Haley, 2000). The inclusion of the correlation structure requires 
modelling the covariance between two random effects, which are usually assumed to 
be independent in the mixed linear model (Henderson, 1984). 
Bivariate linkage analysis has been considered previously by Almasy et al. (1997) 
for the variance component method. The authors have tested pleiotropy versus linkage 
by comparing the model in which the complete covariance was unconstrained (and thus 
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1' aa2 and (Na l ,a2 are estimated) to either a model in which the correlation between 
additive effects for the two traits was constrained to zero (the alternative hypothesis of 
linkage) or one (which is the alternative hypothesis of "complete pleiotropy" as the au-
thors stated). The sign of the correlation to be constrained in this case is assumed to be 
equal to the sign of the polygenic correlation. The testing procedure is carried out at the 
most likely position under the unconstrained model along the linkage group. Williams 
et al. (1999) evaluated this testing procedure at the position where the pleiotropic QTL 
was simulated in order to evaluate the benefit of the bivariate analysis. However it is 
not clear that this method would give correct results if the true genetic model involves 
a multiallelic pleiotropic QTL model where the correlation between effects can de-
part from unity ("complete pleiotropy"). It is also possible for the QTL and polygenic 
correlation to have opposite signs. I applied the method to the simulation example in 
which the two QTL explained around 25% of the total variance for both traits (Sce-
nario 11). The mean difference in AIC values between the two models (unconstrained 
and constrained for a correlation at the QTL of zero) was much lower than the value 
obtained with the method presented in this study (AIC difference 5 versus 22) and this 
small difference was found in many of the individual replicates. 
There are situations where the interpretation of the observed correlation between 
QTL effects is more complicated. For example, this would be the case when the two 
QTL are in linkage disequilibrium or if loci were physically much more closer com-
pared to the situation simulated in this study. This is complicated further by the rela-
tively large resolution that can be obtained when only information from recombination 
in the pedigree is used. Further research relative to this problem is needed in order to 
investigate if this method can be used to test whether the observed correlation can be 
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explained by a single pleiotropic or two QTL closely linked. 
Chapter 8 
General Discussion 
8.1 Thesis overview 
The design and analysis of complex traits with the aid of molecular markers in fish is 
a relatively new field. Only recently have marker maps for many species been pub-
lished (Young et al., 1998; Kocher et al., 1998; Singer et al., 2002). Fish populations 
pose interesting questions regarding the use of new designs not available in other farm 
species. In a single generation, it is possible to produce double haploid individuals that 
can readily be used for linkage analysis between markers (Young et al., 1998; Kelly 
et al., 2000) and for QTL mapping purposes. However, investigations of the use of 
these strategies to enhance the power of detecting QTL have been not discussed in 
any detail in the literature (see Chapter 2). One of the aims of this study was there-
fore to outline the underlying genetic model of double haploids (DH) and to devise 
an analytical method that can be used to calculate the power of this design for a QTL 
flanked by two informative markers. This model was used to compare the DH design 
with standard outbred structures (Chapter 4). The advantages of the double haploid 
174 
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design in outbred populations were evident for a range of family sizes and structures, 
and differences become more important when the family size was relatively low. Un-
der these circumstances, the power of the full sib design decreased dramatically. The 
method provided a reliable and straightforward procedure for designing QTL mapping 
programs in outbred populations. Further considerations about the DH design for its 
use in practice are presented below. 
Although the power of detecting QTL is considered one of the main criteria in de-
signing QTL experiments efficiently, issues such as the precision of position and QTL 
variance estimates also need to be quantified when deciding the application of differ-
ent designs. In practice, it is possible to collect information from individuals that were 
produced using only gynogenesis (or androgenesis), but the possibility exists that in-
formation can be combined with sibs obtained using normal matings between sires and 
dams. This should be straightforward in practice, due to the relatively high fecundity 
of many fish species. In this thesis, the variance component method to map QTL has 
been developed further in order to analyse double haploid individuals and mixtures of 
full sibs and double haploid sibs obtained jointly from the same parental pair. Previ-
ous analytical results have shown that this strategy greatly increased the accuracy of 
estimates of heritability (Chapter 2). Using extensive simulations, the statistical power 
of detecting the QTL and the empirical mean square error (EMSE) of heritability esti-
mates were compared for the different population structures. The advantages in terms 
of power of using double haploids were consistent with the power estimates obtained 
using the analytical method. Interestingly, decreases in EMSE for the polygenic vari-
ance were particularly particularly important when mixtures of double haploid and full 
sibs were considered jointly in the analysis of the phenotypic data, i.e. this design gave 
Chapter 8. General Discussion 	 176 
higher power compared to the full sib design, and the EMSE were reduced substan-
tially compared to the designs that incorporate a single type of family (either double 
haploids or full sibs). 
Previous research regarding the use of the variance component method to map QTL 
in standard outbred structures have relied mainly on the assumption of only additive 
effects at the QTL. In practice, when the idea is to carry out confirmation studies in out-
bred populations using the random model (see for example de Koning et al., 2002) this 
would lead to biased results. In Chapter 6, the assumption of only additive effects was 
relaxed and the power of different tests of linkage was considered using simulation of 
different outbred structures. The distributions of the test statistics for the different tests 
of linkage were obtained. The results clearly show bias in estimates of variance com-
ponents, but the power of the additive model was very similar to the power obtained 
using both additive and dominance effects. Relatively large family sizes are required 
to obtain adequate power to accurately partition the variance components. Fish popu-
lations appear to be relatively suitable for estimating dominance variance in practice, 
due to the relatively large family size that can be obtained in many fish species. 
Another extension of the random model considered in this thesis involved the use 
of models that can handle multiple correlated traits. The main advantage of this multi-
trait model is that the power to detect the pleiotropic QTL is expected to increase 
compared with the univariate analysis, and different models of inheritance can be 
tested (e.g. Jiang and Zeng (1995) , but note that, in practice, the contrary may be 
observed for small population sizes (Wu et al., 1999)). The results of the variance 
component method to analyse multiple traits show that it is difficult to discriminate, 
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using this approach, between linkage and pleiotropy. The main problem is that the 
number of meioses used for linkage analysis (LA) is relatively small and therefore the 
mapping resolution may not be high enough to accurately discriminate between a sin-
gle pleiotropic QTL versus two QTL affecting two traits. This can be seen from the 
position estimates obtained using these models (see Table 7.5; Page 169). Only when 
the QTL explain a relatively large proportion of the phenotypic variance, is it possible 
to correctly discriminate between the pleiotropic and the linkage model. For the other 
scenarios simulated, the QTL positions were very inaccurate, especially for QTL with 
small effects. This situation could be potentially more disadvantageous if the two QTL 
are closer together in the linkage group. Another potential problem is that in practice 
very large population sizes are needed in order to fit the many parameters needed when 
many traits are jointly analysed. If the traits follow a process, which is for example de-
pendent on time a possibility exists for modelling the QTL using random regressions. 
An extension of this method to model a longitudinal trait such as growth in considered 
in appendix C. 
We have used the Bayesian paradigm to developed further a method to map QTL 
influencing the expression of traits related to early development, in double haploid lines 
obtained from crosses between clonal lines that were developed from populations that 
show divergence in time at hatching (Robison et al., 1999). The DH design from in-
bred line crosses provides a comparatively powerful experimental set-up to map QTL 
(see Chapter 2). In the "Bayesian reversible jump" framework the number of QTL 
is treated explicitly as an unknown random variable and the posterior probability is 
obtained. Using this method, we have investigated how many QTL explain the dif-
ferences observed between the clonal lines examined. For the three traits analysed, 
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we have found that, using the posterior expectation of the number of QTL, at least 
two QTL explain a relatively large proportion of the observed differences between the 
lines. For time at hatching, the posterior expectation for the number of QTL for all 
the linkage groups analysed was near 5 and two QTL were in repulsion in the F1. In 
Section 8.4 some discussion of Bayesian methods for mapping QTL is presented. 
8.2 New designs for QTL detection in fish 
The great biological flexibility, such as the use of gynogenesis and androgenesis, of 
many fish or plant species has been exploited in this thesis in order to carry out linkage 
analysis of QTL. Although this is a new design applicable in outbred fish populations, 
it has many similarities to standard models of crosses between inbred lines and out-
bred populations. The double haploid design is algebraically similar to Back Cross 
(BC) designs or Recombinant Inbred lines (RIL) (Knapp et al., 1990) but compared 
to the BC design, the contrast between alternative genotypes is doubled. In outbred 
populations, the difference between groups of daughters inheriting alternative alleles 
from their heterozygous sire (as in the standard daughter design) is halved compare to 
groups of double haploid progeny inheriting alternative alleles from the heterozygous 
dam (or sire). 
So far, we have only considered the case in which gene frequencies are equal at 
the biallelic loci, a situation which is likely to be favourable in terms of power for 
detecting the QTL. In practice, the gene frequencies of the QTL are unknown. Figure 
8.1 presents the relative power efficiency between the double haploid design and the 
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full sib design as a function of the family size (with constant population size equal 
1000) and the gene frequency at the QTL in the base population. In terms of power, 
the double haploid design is not expected to perform comparatively better than the full 
sib design at extreme gene frequencies and for the largest family sizes. Because power 
also depends on the number of informative parents at the QTL, and since both designs 
sampled parents from the outbred population, both are affected if there is a low num-
ber of informative parents at extreme gene frequencies. It is clear however, that the 
advantages of using this type of manipulation are present across all gene frequencies 
and comprehensive family sizes. For instance, for the lower family sizes considered 
in this Figure (around 50-100) power is three times the power of the full sib design 
(Figure 8.1). The greater power of the DH design compared to the FS design is due 
to the increased genetic variance in the double haploid population, which is doubled 
compared to the outbred populations (see Chapter 5). This enables us to capitalize 
from genes present in the base population at low frequencies, without greatly loosing 
greatly the power to detect the QTL when the family size is relatively small. 
It has been recognized that inbred individuals show more environmental variance 
than non-inbred individuals (Falconer and Mackay, 1996), revealed experimentally by 
comparing the variance of a trait in inbreds and hybrids. For example in Drosophila 
melanogaster, the variance of wing length is increased by about 90% in the inbreds 
(Robertson and Reeve, 1952). This increase in residual variance may lead to a dimin-
ishing of power to detect QTL, since the random background variation is increased. 
Another study has shown that there is an increase in the within family variance for 
some quantitative traits compared with the outbred full sib control (Hussain et al., 
1995). They used only a single family in the experimental design, so it is not straight- 
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Figure 8.1: Contour plot of the relative efficiency of the double haploid and the full 
sib design in terms of power of detecting QTL as a function of the family size and the 
allele frequency of the favourable allele (p). The population size was 1000. The results 
were obtained using the analytic method for calculating power presented in Chapter 4 
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forward to disentangle increases due to genetic and/or environmental effects. Using 
the predictions presented in this thesis (Chapter 6), however, an increase in the envi-
ronmental variance has a relatively small effect on power (data not shown). In practice, 
another possible complication when using populations of homozygous individuals is 
the presence of lethais. The data presented in the literature on Zebrafish, for example, 
have not shown that there is a particular increase (compared to other species) in the 
number of recessive lethals segregating in natural populations (McCune et al., 2002). 
Anyway, this is not expected to be an insurmountable problem because there are exam-
ples in the literature of many species in which this method to produce double haploids 
has been used succesfully to produce clonal lines that can be used for further experi-
mentation (Corley-Smith et al., 1996; Young et al., 1998; Robison et al., 1999; Kelly 
et al., 2000). 
Even in standard outbred populations obtained through random mating, if delete-
rious mutations are closely linked to marker loci, segregation ratios will be different 
from those expected under Mendelian inheritance. In QTL mapping studies, this phe-
nomenon has been shown to affect the power of QTL detection as well as producing 
biased estimates of recombination parameters (Schafer-Pregi et al., 1996). Indeed, DH 
populations from outbred parents may give scope for making inferences about genes 
associated with fitness and viability traits (see an example of mapping deleterious al-
leles in the carp Palti et al., 2002). Further research is needed in this area to quantify 
empirically the magnitude of segregation distortion and how this may decrease power 
when using this type of double haploid population. 
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8.3 Pitfalls of linkage analysis 
8.3.1 Mapping resolution 
It has been recognized that by utilizing only recombination events in the pedigree, the 
mapping resolution of linkage analysis (LA) is relatively low and may not be suffi-
cient to obtain a location precise enough for positional cloning of the QTL (Hoeschele, 
2001; Lazzeroni, 2001; Meuwissen et al., 2002). To obtain higher resolution, methods 
that make use of "gametic phase disequilibrium" (LD) have been proposed recently 
(Meuwissen and Goddard, 2000; Hoeschele, 2001). The rationale behind these meth-
ods is that, when the population size is rather small, founders of the population would 
have only a limited number of haplotypes, and with loci very tightly linked there may 
not be sufficient time for recombination to break up the association between them. 
However, spurious results can be obtained if methods that use associaton are used, 
for example, in the presence of population admixture (Elston, 2000; Meuwissen et al., 
2002; Hoeschele, 2001). 
Recently, methods combining both linkage analysis (LA) and LD have been pro-
posed in the animal breeding context (Farnir et al., 2002; Meuwissen et al., 2002). 
They are preferred since they combine all the information available in the population. 
For example, they utilize the information from LD, i.e. by using the similarity between 
haplotypes in founders (base population), and the information from LA by using re-
combination information obtained from the data, by including in the analysis the proba-
bilities of identity by descent conditional on marker data between relatives (Meuwissen 
et al., 2002; Meuwissen and Goddard, 2002). This method has been successfully used 
for mapping twinning rate in cattle to a very small region> 1 cM (Meuwissen et al., 
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2002). However, it still needs sufficient marker coverage to be effective in increasing 
the accuracy of the position of the QTL (See Farnir et al., 2002, for an example of an 
analysis with a medium sparse marker map). 
Another potential advantage of combining LD and LA is that the power of discrimi-
nating between pleiotropy and linkage in multiple trait analyses is expected to increase 
compared to the power of the method that only uses information from LA. Smaller 
regions can be explored using a very dense set of markers where previously there was 
evidence of segregation of QTL influencing the expression of multiple traits. Lund 
et al. (2003) have proposed a multi-trait method based on the method of Meuwissen 
et al. (2002) that can potentially deal with more powerful methodologies for disen-
tangling different genetic models more accurately. Nevertheless, further investigation 
is required under less ideal scenarios, for example in situations where larger areas of 
linkage disequilibrium are expected as a consequence of selection. In practice there 
might be little power to reject pleiotropy in this case, because potentially two QTL 
would show some correlation in proportion to the strength of the disequilibria and this 
would be confounded in the pleiotropic model (Almasy et al., 1997). This is a new 
area of research and certainly further investigation on the behaviour of these methods 
and the testing procedures is needed in more stringent scenarios. 
8.3.2 Significance thresholds 
Another problem of the methods is that obtaining significance thresholds is challeng- 
ing, especially so if multi-generational pedigrees are used to estimate variance compo- 
nents (Almasy and Blangero, 1998). For example, it is not clear how the permutation 
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testing procedure should be implemented in order to keep the underlying covariance 
structure due to genes under infinitesimal effects (George et al., 2000). In animal pop-
ulations, significance thresholds used are those obtained previously using simulations 
(the grand-daughter design; Grignola et al., 1996; Zhang et al., 1998). However, us-
ing simulations we are not able to keep all the distributional properties of individual 
data sets (Churchill and Doerge, 1994). In human populations, genome wide scans 
have customarily used a LODSCORE (LOD) equal to 3 (Morton, 1955; Elston, 2000; 
Goring et al., 2001; Sillanpaa and Corander, 2002). Increasing the stringency of sig-
nificance thresholds has the disadvantage that estimates of the heritability are biased 
upward due to the fact that a genome wide scan can be considered as a model selection 
scheme where first a chromosomal position is selected (based on a the highest value of 
the LRT), and then parameters are estimated at the same position (Lande and Thomp-
son, 1990). For this reason, the stricter the criteria are for including a parameter in 
the model, the larger the bias expected (Goring et al., 2001). An obvious way to deal 
with this problem is to infer the QTL in one population and confirm the QTL in an 
independent sample, but this has the inherent problem in that, by chance, we may miss 
the QTL. 
8.4 Bayesian approaches to mapping QTL 
The Bayesian method presented provides a coherent approach in which all the un-
knowns of the QTL mapping problem are explicitly modelled jointly. This approach 
requires the formulation of the sampling model (likelihood) and the prior beliefs con-
cerning the parameters involving all the possible underlying models, which in practice 
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can be large (for example under epistasis or when using information from multiple 
traits). This procedure does not attempt to select a specific model as the best explain-
ing the data, rather it provides the posterior probability of a model (with a variable 
number of QTL). The use of prior information sometimes is criticised because it is 
somewhat subjective, in the sense that different researchers will use different priors 
and this situation may lead to obtain different inferences from the posterior. In practice 
this may be an issue when the information from the data is small. In most cases how-
ever, the posterior distribution would be quite insensitive to the prior chosen (see for 
example Lee and Thomas (2000) for an example of a Poisson prior distribution of the 
number of QTL). In other instances, it would be desirable to use this prior information, 
for example in confirmation studies, where we can combine the priors with new data in 
a hierarchical fashion. Still, the classical paradigm may be quite subjective if the range 
of models to map the QTL only includes a subset of the complete parameter space of 
all the possible models (Shoemaker et al., 1999). 
It is customary that a single model is assumed to explain the data after selecting a 
model based on some criteria, such as for instance the likelihood ratio test or Bayes 
factors. In the Bayesian model utilised here, it is possible to obtain model average 
(across all possible models) estimates of any of the unknowns, which results in a more 
realistic measure of the uncertainty of parameters (Gianola et al., 2002; Sillanpää and 
Corander, 2002). In most circumstances, ignoring model uncertainty would result in an 
over-optimistic accuracy of parameter estimates. In practice, the degree of uncertainty 
will depend on the amount of information and the number of models considered to 
explain the data (Sillanpaa and Corander, 2002). A further bootstrap analysis gave 
essentially similar results compare to the ones obtained from the Bayesian analysis, 
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but, even though there is a very high probability of a single QTL model, the QTL 
intensities were slightly broader around the most likely position and the variances of 
the bootstrap for the QTL effects were slightly smaller compared to the variance of the 
posterior distribution of the QTL effects (see Figure 8.2). 
8.4.1 Convergence issues 
An essential element of any Bayesian application is to assess how well the MCMC 
chains move throughout the parameter space and reach convergence to the stationary 
distribution. In this respect, one of the most important issues to be addressed is to de-
termine the effective sample sizes, which is related to the assessment of convergence 
of the chain, the serial correlation between samples and the burn-in period (Sorensen, 
2001; Tanner, 1998). Several methods have been proposed, but none of them actually 
ensure that convergence has been achieved (Mikko Sillanpaa, personal communication 
2002). The Metropolis-Hastings algorithm, used to obtain samples from the posterior 
distributions, is greatly influenced by the proposals used (Sillanpäa and Arjas, 1998; Yi 
and Xu, 2000). Our experience is, however, that only the proposals for the QTL effect 
have a major impact on the convergence of the sampler, and for this reason proposals 
for these parameters have to be considered judiciously. This situation has also been 
found by many other authors (Heath, 1997; Sillanpaä and Arjas, 1998, 1999; Yi and 
Xu, 1999, 2000). Since a stochastic procedure was used to obtain the posterior prob-
ability of a model, the identity of the individual QTL is lost, and for this reason the 
parameters in one round may not be the same from those in the next round of iteration 
(Yi and Xu, 2000, 2001). So for these reasons, we inspect chains in order to see if 
anomalous trends appear, if the chains get stuck at some point of the parameter space 
or if chains appear to show slow mixing with no apparent trend that may suggest con- 
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Figure 8.2: Comparison between the Bayesian and the bootstrap analysis of time at 
hatching in the double haploid lines of rainbow trout. The graph (a) and (b) present the 
results of position and QTL effects, respectively. 
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vergence. In some specific cases, we run the analysis twice to see if results depart from 
chain to chain, but we did not find any evidence that this was the case. Recently, meth-
ods that assess convergence have been proposed (Tanner, 1998), but these methods 
need to be investigated further when implementing the "Reversible Jump" algorithm. 
8.4.2 Alternative implementations of the Bayesian model 
In outbred populations, the variance component method can be developed using a gen-
eral Metropolis-Hastings algorithm. Its implementation in the most parsimonious way 
required obtaining the posterior distribution of the variance components (due to the 
residual, polygenic and QTL effects); the number of QTL and the individual polygenic 
and QTL effects are taken as nuisance, i.e. they are directly not sampled from the fully 
conditional posterior distribution (Yi and Xu, 2000). This implementation assumed 
the IBD probabilities are known (the true values are replaced by their estimates) and 
at each of the positions sampled by the reversible jump an IBD matrix is constructed. 
The implementation in a general outbred population, with additional relationships to 
that for full sibs requires further investigation. An interesting Bayesian procedure has 
been presented recently in which LA and LD are used to derive the posterior probabil-
ity of linkage in the middle of marker brackets, using a multiple QTL model based on 
Metropolis-Hastings algorithm (Meuwissen and Goddard, 2002). 
The analysis performed in Chapter 3 used cofactors selected using a forward and 
backward elimination regression procedure implemented in QTL cartographer (Basten 
et al., 2002). For computational efficiency, marker cofactors were preselected using 
step-wise regression. In general, however the use of marker cofactors may be not ideal, 
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since, especially in small populations, unlinked markers can be correlated with mark-
ers in the chromosome under investigation, and fitting markers in other chromosomes 
has a high impact on the posterior probability of linkage of the current chromosome, 
i.e. fitting a cofactor change markedly the evidence of linkage as in contrast to when 
no markers cofactors are included (see for example Maliepaard et al. (2001)). A log-
ical alternative would be to model the genome in a single multiple QTL analysis and 
rather than include marker cofactors as "known" quantities, they could be included as 
"unknowns" and further reversible jumps would be required to add or delete QTL in 
other chromosomes. Further investigation is required to test this alternative. Never-
theless, this analysis would be computationally very expensive and this may impair its 
applicability in practical situations. Concomitantly, it would be more complicated to 
assess convergence of the sampler 
8.5 Conclusions 
The use of genetic manipulations, i.e. androgenesis or gynogenesis, greatly increases 
the power to detect QTL in fish populations compared with the use of standard designs. 
Using empirical data of double haploid individuals obtained from crosses between 
clonal lines, we have found evidence that a small number of QTL explain the differ-
ences between the lines for early development traits. The Bayesian method proposed 
effectively combined all the information available to map QTL, to accurately position 
these QTL in the rainbow trout genome. 
Chapter 8. General Discussion 
	
190 
In outbred populations, the methods developed to include information from double 
haploids in the analysis have illustrated the increase in power compared with the use of 
standard outbred structures, such as full sib families. Concomitantly, the accuracy of 
estimating genetic parameters is increased when information from both full and dou-
ble haploid sibs is combined in the same analysis. This is a novel design that can be 
developed from existing breeding populations of many fish species. 
The use of dominance in the model of analysis used to detect QTL does not show 
advantages compared to the model in which we only assumed additive effects at the 
QTL. The power and position estimates are unbiased, independent of the degree of 
dominance at the QTL. The variance component method for QTL detection seems to 
be robust to the underlying genetic model of the QTL, although model checking is re-
quired to obtain unbiased estimates of the variance components. 
There is lack of fit when using multiple traits under the variance component method 
to determine the true underlying QTL model, i.e. pleiotropy versus linkage, that ex-
plains best the data. Further research is required in order to combine information from 
linkage disequilibrium and linkage to accurately discriminate between alternative ge-
netic models. 
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The results presented in this thesis clearly highlight the possibilities of integrating 
molecular markers with phenotypic information in order to investigate genes affecting 
the expression of quantitative traits in fish populations. Due to the large family sizes 
and the use of genetic manipulations, such as gynogenesis or androgenesis, more in-
formation is available to detect QTL and to obtain more accurate estimates of genetic 
parameters than in standard livestock species. 
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RESULTS 
Screening for possible pleiotropic QTL from single-trait analyses. The posterior 
distribution of the number of QTL in the linkage groups and the corresponding posterior 
expectation (E(N or I Data)) was used to quantify segregation of QTL. According to this 
criteria, there was strong evidence for a QTL segregating for ATH and a QTL segregating for 
LEN in LG-12 where the posterior probability mass concentrated at N 5 I. The posterior 
expectation was equal to I in both cases. In LG-9 there was strong evidence of segregation for 
a QTL affecting ATH, but there was no evidence for any QTL segregating for LEN. There is 
little evidence of segregation of QTL in other linkage groups (see table I). Therefore all further 
analyses presented in this paper concern LG-12 only. 
Table 1. Posterior probability of number of QTL and the corresponding posterior expectation 
in different linkage groups that show putative evidence of QTL in traits ATH and LEN 
NQTL LG-5 LG-6 LG-9 LG-11 L0-12 LG-5 Lci-6 LG-9 Lci-tt LG-12 
0 0.96 0.86 0.22 0.76 0.00 0.59 0.85 0.96 0.72 0.00 
0.04 0.11 0.78 0.24 0.99 0.37 0.15 0.04 0.23 0.91 
2 0.00 0.02 0.00 0.00 0.01 0.04 0.00 0.00 0.05 0.09 
3 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Figure 1. QTL intensity of traits ATH and LEN in linkage group L-12 and LRT for least 
squares analysis. In the figure HAVES is the posterior QTL intensity for ATH and LEN 
(left axis). STLRT is the approximate likelihood ratio test of a single versus no QTL 
evaluated at every cM along the linkage group for ATH and LEN (single trait analysis) 
and MTLRT-PLE is the test statistic of a pleiotropic QTL influencing both traits versus 
no QTL (right axis). Ticks in the X axis denotes markers positions 
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RESULTS 
Screening for possible plelotropic QTL from single-trait analyses. The posterior 
distribution of the number of QTL in the linkage groups and the corresponding posterior 
expectation (E(N 0 I Data)) was used to quantify segregation of QTL. According to this 
criteria, there was strong evidence for a QTL segregating for ATH and a QTL segregating for 
LEN in LG-12 where the posterior probability mass concentrated at N, - I. The posterior 
expectation was equal to I in both cases. In LG-9 there was strong evidence of segregation for 
a QTL affecting ATH, but there was no evidence for any QTL segregating for LEN. There is 
little evidence of segregation of QTL in other linkage groups (see table I). Therefore all further 
analyses presented in this paper concern LG-12 only. 
Table I. Posterior probability of number of QTL and the corresponding posterior expectation 
in different linkage groups that show putative evidence of QTL in traits ATH and LEN 
	
ATII 	 LEN 
NQTL 	LcI-5 LG-6 LG-9 UI-Il LG-12 LG-5 LG-6 LG-9 UI-Il LG-12 
0 	 0.96 0.86 0.22 	0.76 	0.00 	0.59 0.85 	0.96 	0.72 	0.00 
0.04 	0.11 	0.78 	0.24 	0.99 	0.37 	0.15 	0.04 	0.23 	0.91 
2 	 0.00 0.02 0.00 	0.00 	0.01 	0.04 0.00 0.00 	0.05 	0.09 
3 0.00 0.01 	0.00 	0.00 	0.00 	0.00 0.00 0.00 	0.00 	0.00 
E(NQTLIdaIa) 0.04 0.18 0.78 	0.24 	1.01 	0.45 0.15 0.04 	033 	1.09 
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Figure 1. QTL intensity of traits ATH and LEN in linkage group L-12 and LRT for least 
squares analysis. In the figure BAYES is the posterior QTL Intensity for ATH and LEN 
(left axis). STLRT Is the approximate likelihood ratio test of a single versus no QTL 
evaluated at every cM along the linkage group for ATH and LEN (single trait analysis) 
and MTLRT-PLE is the test statistic of a pleiotropic QTL influencing both traits versus 
no QTL (right axis). Ticks in the X axis denotes markers positions 
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Location of putative QTL on LGI2 from single-trait analyses. The posterior QTL intensity 
was used to locate QTL in the linkage groups that show putative QTL activity. The mode of 
the QTL intensity for ATH and LEN was 12.2 and 15 cM, respectively (figure I). The mean of 
the distribution of additive effects of the QTL, had opposite effects, but similar in magnitude 
(-0.328 SD and 0.362 for ATH and LEN, respectively). Inspection of the posterior distributions 
for location suggested that the effects could arise from a single pleiotropic QTL, and this was 
tested below (see figure 1). 
Multiple-trait regression analysis. The multiple-trait regression analysis initially fitted 
single-trait models on LG-1 2 (see figure I for the profile likelihood). These single-trait 
analyses were consistent with the Bayesian analysis giving evidence of QTL at positions 12 
and 15 cM for ATH and LEN. respectively (figure I). Within the multiple-trait framework, 
fitting a pleiotropic QTL affecting both traits was significantly better than no QTL. The best 
location was at 14 cM and the effect on each trait was significant. Comparing this model with 
the likelihood of a model with two separate QTL, each affecting one trait (at the best locations 
obtained from for the single trait analyses) gave an approximate likelihood ratio of 2.81 which 
was lower than the 5 % significance threshold (4.78) obtained from the parametric bootstrap 
for this test. From this analysis it is possible to conclude that there is no evidence to postulate 
two distinct QTL and hence the null hypothesis of a single pleiotropic QTL affecting both 
ATH and LEN is sufficient to explain the data. 
CONCLUSION 
The results have provided evidence for a single QTL segregating in LG 12 that has pleioiropic 
effects on ATH and LEN, traits that are of importance not only on early development of the 
rainbow trout, but also due to their relationship with sexual maturity as has been observed in 
natural populations. The Bayesian analysis provided strong evidence of a single QTL for each 
trait segregating on LG 12, and the multiple-trait analysis has shown that these findings are 
satisfactorily explained by a single pleiotropic QTL affecting both traits. The mean of the 
additive effects of the QTL conditional on the most likely interval, where the putative QTL lie 
in the linkage group, is about one third of the phenotypic standard deviation of each trait. The 
directions of the effects are consistent with the phenotypic correlation between the traits. We 
are in the process of gathering data regarding sexual maturity and body weight measured later 
in life cycle of rainbow trout and this study is a first step to further characterise covariation in 
the genetic architecture of life history and production traits using molecular markers. 
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Location of putative QTL on LGI2 from single-trait analyses. The posterior QTL intensity 
was used to locate QTL in the linkage groups that show putative QTL activity. The mode of 
the QTL intensity for ATH and LEN was 12.2 and 15 cM, respectively (figure 1). The mean of 
the distribution of additive effects of the QTL, had opposite effects, but similar in magnitude 
(-0.328 SD and 0.362 for ATH and LEN. respectively). Inspection of the posterior distributions 
for location suggested that the effects could arise from a single pleiotropic QTL, and this was 
tested below (see figure I). 
Multiple-trait regression analysis. The multiple-trait regression analysis initially fitted 
single-trait models on LG-12 (see figure I for the profile likelihood). These single-trait 
analyses were consistent with the Bayesian analysis giving evidence of QTL at positions 12 
and 15 cM for ATH and LEN, respectively (figure 1). Within the multiple-trait framework, 
fitting a pleiotropic QTL affecting both traits was significantly better than no QTL. The best 
location was at 14 cM and the effect on each trait was significant. Comparing this model with 
the likelihood of a model with two separate QTL, each affecting one trait (at the best locations 
obtained from for the single trait analyses) gave an approximate likelihood ratio of 2.81 which 
was lower than the 5 % significance threshold (4.78) obtained from the parametric bootstrap 
for this test. From this analysis it is possible to conclude that there is no evidence to postulate 
two distinct QTL and hence the null hypothesis of a single pleiotropic QTL affecting both 
ATH and LEN is sufficient to explain the data. 
CONCLUSION 
The results have provided evidence for a single QTL segregating in LG 12 that has pleiotropic 
effects on ATH and LEN, traits that are of importance not only on early development of the 
rainbow trout, but also due to their relationship with sexual maturity as has been observed in 
natural populations. The Bayesian analysis provided strong evidence of a single QTL for each 
trait segregating on LGI2, and the multiple-trait analysis has shown that these findings are 
satisfactorily explained by a single pleiotropic QTL affecting both traits. The mean of the 
additive effects of the QTL conditional on the most likely interval, where the putative QTL lie 
in the linkage group, is about one third of the phenotypic standard deviation of each trait. The 
directions of the effects are consistent with the phenotypic correlation between the traits. We 
are in the process of gathering data regarding sexual maturity and body weight measured later 
in life cycle of rainbow trout and this study is a first step to further characterise covariation in 
the genetic architecture of life history and production traits using molecular markers. 
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Appendix B 
Background Information Regarding 
Double Haploid Lines Of Rainbow 
Trout 
13.1 Development of clonal lines of rainbow trout using 
androgenesis and gynogenesis 
The clonal lines and crosses between them used in the analysis presented in this thesis 
were produced in the Washington State University trout hatchery using the techniques 
described by Parsons and Thorgaard (1985). The lines used to generate the mapping 
population have been produced from hatcheries where a domesticated and a semi wild 
strain of rainbow trout are held. The female line, designated OSU, is derived from an 
Oregon State University hatchery strain. The Swanson River line was derived in 1991 
from a semi-wild population of rainbow trout from the Swanson River, Alaska. These 
lines were examined for differences in development rate (Robison et al., 1999). The 
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isogenicity of the clonal lines was confirmed by DNA fingerprint analysis of two indi- 
viduals from each line. This method has been used previously, to confirm isogenicity 
of other clonal lines avavilable in the laboratory (see Young et al. (1996) for protocol). 
B.2 Molecular data 
The data used to generate the linkage map of the lines included 206 individuals. These 
individuals were scored for 222 marker loci; 219 Amplified fragment length polymor -
phisms (AFLP) markers, the microsatelites Oneu2 and Oneu19 (Scribner et al., 1996) 
and a A1uA polymorphism in the 3' unstranslated region of the p53 gene (Robison 
et al., 2001). The AFLP markers were produced using Perkin Elmer Applied Biosys-
tems AFLP mapping protocol for genomes 500-6000 Mb. 
The information generated was analysed using the MAPMAKER program using 
the backcross design, which is algebraically identical to the double haploid design 
(Lander et al., 1987; Knapp et al., 1990). The total size of the map was equal to 793.42 
cM comprising about 50% of the minimum size of the genome of rainbow trout (as 
obtained from Young et al. (1998)). Under no interference, the mean linkage group 
size was equal to 53 cM with a standard deviation of 35 cM. The mean marker distance 
was about 9 cM with a standard deviation of 11 cM. As shown previously (Young et al., 
1998), the AFLP markers in this analysis tend to be clustered together in the linkage 
group. Figure B.1 present the marker map of those linkage groups that show evidence 
of segregation of QTL for early development traits (as shown in Chapter 3). 
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Figure B. 1: Linkage groups that show evidence of QTL segregation 
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B.3 Quantitative data 
Three traits related to early development were scored; time at hatching (TTH) (n=206), 
embryonic length (LEN) (n=206) and embryonic weigth (n=206). Time at hatching 
was scored as the time between eye stage and the time in which hatching of individual 
ova was obtained. At the swim-up stage (before exogenous feeding) individuals were 
placed in ethanol for further measurements of length and weight which were recorded 
individually. 
Appendix C 
Extensions of the Random Model: 
Modelling a Function-Valued Trait 
It has been realised that including information from multiple correlated traits to map a 
QTL has many advantages over analyses in which traits are assumed to be independent 
(Jiang and Zeng, 1995; Knott and Haley, 2000; Wu et al., 1999). Nevertheless includ-
ing many traits jointly in a single analysis may lead actually to reduced power, since it 
is neccessary to fit many parameters in a multivariate linear model. For example, Wu 
et al. (1999) found that the multiple trait analysis gave smaller LOD scores than the 
single trait analysis, but this was most probably due to the relatively small population 
size of the recombinant inbred population analysed. In other cases, the main objec-
tive of the multitrait analysis is not only to use all the information to gain power but 
to infer, using all the information available, the underlying genetic basis of a process 
dependent on time. This procedure may have the advantage in that, with a relatively 
small number of parameters, we can efficiently summarize the information from all 
measurements. This has been extensively recognised in the animal breeding literature, 
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in which efforts are focused towards the implementation of test day models (Pösö and 
Mantysaari, 2002). Very recently Ma et al. (2002) describe a method based on the 
logistic function to analyse growth development in Populus. Extension of the variance 
component method to model pleiotropic QTL influencing a function-valued trait over 
time in outbred populations can be realised using random regressions. The phenotypic 
expression of a function-valued trait including the effect of a pleiotropic QTL over 
time (t) and the polygenic effects can be described using the following model: 
Y(t) =p(t) + GPOL(t) + GQTL(t) + e(t) 	 (C.1) 
where Y(t) is the observation of a function-valued trait at time t and 4u(t) is the mean 
function over time. The random effects dependent on time, GPOL(t), GQTL(t) and 
e(t) are the polygenic, QTL effects and enviromental effects, respectively. This is an 
extension of the standard genetic model involving a single measurement in the quanti-
tative genetics literature (Pletcher and Geyer, 1999). 
In order to exemplify the analysis under this model, a simulated growth process 
was developed assuming constant environmental variance over time and with a mean 
curve simulated using the standard Gompertz growth function (Blasco et al., 2003).The 
genetic effects (of all the loci affecting the function-valued trait) were simulated fol-
lowing a quadratic function dependent on time (t) equal to: 
1(t) = P. + I3it + 12t2 	 (C.2) 
The parameters P, Pi and 12 were assumed to be uncorrelated. For sake of illus-
tration, a simple finite locus model with 11 genes segregating in the population was 
considered. The allelic effects of each loci explaining the polygenic component were 
sampled from a normal distribution with mean 0 and variance equal to 0.625, 0.0625 
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and 0.00001 for 1,, 1 1 and P2,  respectively. Altogether, they explained half of the 
genetic variance of each of the parameters of the quadratic function around the mean 
curve. The allelic effects of the targeted QTL were simulated from a normal distribu-
tion with mean zero and variance equal to 6.25, 0.625 and 0.0001 for 1o' 1i and 
respectively. The simulated QTL was placed in the middle of a chromosome of 50 
cM with 6 equally spaced fully informative markers. The residual effect was assumed 
to explain the same amount of variance over time, with variance equal to 100. The 
population consisted of 50 nuclear full sib families of size 20. The phenotypic records 
correspond to 10 observations per animal measured every 20 days. 
Random regressions were used to fit the underlying genetic process using the same 
quadratic function for the polygenic and QTL effects. A non-parametric mean curve 
dependent on time was fitted (i.e. a separate mean was fitted for each distinct age in the 
data). Two alternative analyses were performed, one in which only a polygenic com-
ponent was fitted and the other where each of the ten measurements were considered 
as an independent trait. The results of this analysis were used to compare estimates 
of variance components along the trajectory according to the quadratic function fitted. 
The total genetic variance at each point in time t (Var(G(t)))was calculated as (since 
the covariances were all equal to zero): 
Var(G(t)) = Var( 0) +Var(1i)t2 +Var(12)t4 	 (C.3) 
The analysis fitted a quadratic function for both polygenic and QTL effects every 1 
centiMorgan. The likelihood ratio test of an unconstrained longitudinal model, versus 
a model in which no QTL component was fitted, was equal to 143.6 at the position 
of the simulated QTL. Significance thresholds are unknown but they should be near a 
X4 distribution under the null hypothesis of no QTL. In general, variance components 
Appendix C. Extensions of the Random Model: Modelling a Function- Valued Trait 204 
along the trajectory were very well estimated (see Figure C.1). This was more evident 
for the QTL variance across time, where the expected and estimated variances were 
not different from each other (Figure C.1.b). As expected, estimated variances using 
the multiple-trait model varied along the expected value (obtained using equation C.3). 
The analysis of the total genetic effects (polygenic and QTL effects without modelling 
explicitly both effects) gave estimates of variance components that were very similar 
to the simulated values. 
In spite of the fact that this is a single replicate, the results gave very good evidence 
of a single QTL with pleiotropic effects across time and this preliminary example gave 
indications about possible ways to proceed for further investigation of this topic. The 
multivariate analysis was very difficult to implement due to the very large number of 
parameters that it is neccessary to estimate (an unstructured matrix of dimension equal 
to the number of measurements for the polygenic and QTh effects (10x10)). The com-
putation of the likelihood ratio test to localize the QTL requires further investigation. 
Here only the situation was considered where the modelling of the random regressions 
involved the same quadratic function for the polygenic and the QTL effects. But in 
reality many other alternative analyses should be considered and tested, for example 
fitting random regressions of different order using likelihood ratio tests or other model 
selection criteria. This is complicated further by the true, unknown mode of action 
of the QTL. Here we are assuming that a single QTL affects the expression of the 
trait along the whole time trajectory, but this is a very simplistic assumption. In re-
ality, other QTL could exert different expression patterns over time, and therefore it 
maybe necessary in practice to test different orders of the random regression for differ-
ent QTL. This model choice criteria is currently considered in the genetics and animal 
breeding literature for models without QTL (Pletcher and Geyer, 1999; Jaifrezic and 
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Figure CA: Variance around the mean curve over time (days). The variance at each 
point was calculated using equation C.3. Each graph presents variance estimates at 
each point calculated using the estimated coefficients of the quadratic function (EST-
POL, EST-QTL and EST-ALL, for the polygenic, QTL and total variance, respectively) 
using the simulated values (EXP-POL, EXP-QTL and EXP-ALL, for the polygenic, 
QTL and total variance, respectively) and using each measurement as 10 independent 
traits (OBS-POL, OBS-QTL and OBS-ALL, for the polygenic, QTL and total variance, 
respectively). All the results are presented for the maximum value of the likelihood ra-
tio test, which coincides with the position where the QTL was simulated. a, b and c are 
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Pletcher, 2000; Pösö and Mantysaari, 2002). 
Apart from the order of the random regression model used to model the data and 
the lack of fitting when the correlation patterns change over time, there is a problem 
of the biological interpretation of the different parameters of the function (see Rekaya 
et al., 2001) for a discussion on the persistency parameter when using random regres-
sions in dairy cattle breeding. On the other hand, production functions that explicitly 
model a function-valued trait, such as for example the Gompertz function to model 
growth or the Woods curve to model full lactations, are typically non-linear and they 
may be difficult to implement under the standard variance component framework. A 
two step method has been considered in which parameters are first obtained for each 
individual and then these are used to estimate the variance components. However, bi-
ased estimates are expected since the residual variance is not properly modelled under 
this circumstance (Varona et al., 1999; Fernandez et al., 2002). These production func-
tions are attractive because each parameter of the non-linear function has a biological 
meaning and thus, potentially, the parameters of the curve can be used for selection 
purposes. Implementation of these nonlinear models in QTh mapping has tremendous 
potential (Ma et al., 2002). This new QTL mapping strategy efficiently combines all 
the information available, allowing us to test different biological hypotheses that have 
direct impact on applied breeding and developmental studies in genetics and evolution. 
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